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Abstract 
 
 Maldistribution of refrigerant is a problem in parallel microchannel heat exchangers that lowers 
their potential effectiveness, especially when controlled by superheat. This paper describes modeling 
and numerical simulation of two phase mass flow distribution in a microchannel evaporator, on the 
basis of the pseudo 2-D finite volume method. Emphasis is placed on refrigerant-side heat transfer and 
pressure drop characteristics. The global flow distribution is based on the mechanistic fact that the 
pressure drop along each flow path containing an individual microchannel tube must be the same. 
Besides the primary pressure drop across the microchannel tube, other pressure drops are also 
considered and modeled. These include the frictional pressure loss along the inlet/outlet headers, as 
well as contraction and expansion loss associated with fluid entering and leaving the tube. Mass flow 
rate and quality in each microchannel tube, overall pressure drop and evaporator surface temperatures 
are calculated and then compared to data taken from the experimental facility. 
This maldistribution model simulates refrigerant distribution in a microchannel evaporator for 
two cases. In the first case, the flash gas bypass system, flash gas from the expansion valve is separated 
and only single phase liquid is supplied into the evaporator. The second case is a conventional direct 
expansion system where refrigerant enters the evaporator in a two-phase state. For the second case, a 
quality distribution profile along the inlet header is proposed to simulate the liquid-vapor distribution in 
the microchannel tubes. The second case is the same as the first case, with a quality distribution profile 
added.  
The maldistribution model is compared to a uniform distribution model, a common assumption 
made in open literature where all microchannel tubes receive identical flow rate. Comparing the 
maldistribution and uniform distribution models to experimental data, results indicate that the uniform 
distribution model predicts a higher superheat than the maldistribution model in every case. In order to 
compare cooling capacity prediction, the mass flow rate in the uniform distribution model was then 
increased until the exit superheat matched the superheat of the maldistribution model. For every case, 
the cooling capacity is over predicted by the uniform distribution model by an average of 34%. If an 
evaporator model is to be used as a design tool, it becomes necessary to use the mass flow distribution 
model to accurately predict both superheat and cooling capacity accurately. 
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Nomenclature 
 
Symbols 
Symbol  Units  Meaning 
A  m2  Area 
CF1  -  Constant in the Friedel correlation 
C F2  -  Constant in the Friedel correlation 
Cmin  kW/°C  Minimum heat capacity 
cp  kJ/kg-°C Specific heat 
CR  -  Ratio of refrigerant and air heat capacities 
D  m  Diameter 
f  -  Friction factor 
Fd  mm  Fin depth 
Fp  mm  Fin pitch 
Ft  -  Constant used in void fraction calculation 
Fr  -  Froude Number 
2
h tp
G
gD 
 
g  m/s2  Gravitational constant 
G  kg/m2-s  Mass flux 
h  W/m2-°C Heat transfer coefficient 
hfg  kJ/kg  Latent heat of vaporization 
Hfin  m  Fin height 
j  -  Colburn factor 
k  W/m-°C Conductivity 
kloss  -  Loss coefficient 
l  m  Length 
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Lp  m  Louver pitch 
Lt  m  Microchannel tube length 
Ll  m  Louver length 
Lα  °  Louver angle 
mi  kg/s  Tube mass flow rate 
Mi   kg/s  Header mass flow rate 
NTU  -  Number of transfer units 
Pr  -  Prandtl Number 
Qelement  kW  Heat transfer rate across an element 
r  -  Area ratio 
Re  -  Reynolds number Re h
GD

 Re hlo
l
GD

 Re hvo
v
GD

  
     Re 1hl i
l
GD
x

       
T  °C  Temperature 
Tp    Tube pitch 
U  W/°C  Overall heat transfer coefficient 
V  m/s  Velocity 
We  -  Weber number 
2
h
tp
G D
g 
 
Xtt  -  Martinelli Parameter 
x  -  Quality 
xi  -  Tube quality 
Xi  -  Header Quality 
xi  -  Area ratio 
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Greek Letters 
Symbol  Units  Meaning 
α  -  Void fraction 
δfin    Fin thickness 
ΔP  kPa  Pressure drop 
ε  -  Effectiveness 
εR  -  Microchannel roughness 
ηfin  -  Fin efficiency 
ρ  kg/m
3  Density 
μ  kg/m-s  Viscosity 
σ  N/m  Surface tension 
φlo  -  Two-phase multiplier in the Friedel correlation 
φl  -  Two-phase multiplier for the inlet header pressure drop correlation 
 
Subscripts 
Subscript  Meaning 
air   Air 
con    Contraction 
d   Depth 
e   Exit 
exp   Expansion 
fin   Fin material 
fr   Friction 
h   Hydraulic 
i   Inlet 
viii 
 
i,inlet_header  ith element in inlet header 
i,outlet_header  ith element in outlet header 
i,tube   ith element in microchannel tube  
lo   Liquid only 
l   Liquid 
m   Momentum 
nb   Nucleate boiling 
ref   Refrigerant 
sat   Saturation 
sp   Single phase  
tp   Two phase  
v   Vapor 
vo   Vapor only 
w   Wall
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Chapter 1: Introduction 
 
 Microchannel evaporators typically have an advantage over conventional tube-fin heat 
exchangers in that they have high thermal performance for their size, and could have low capital cost. 
However, maldistribution of refrigerant among parallel channel tubes is a problem found in parallel 
microchannel heat exchangers that has various detrimental effects on performance. It causes certain 
tubes of the evaporator to receive more vapor phase refrigerant, which will create a large superheated 
zone and decrease local heat transfer rate, while other tubes have more liquid refrigerant which leaves 
in a two-phase state when flow is controlled by overall superheat. In order to satisfy the demand for the 
refrigerant to be superheated at the exit, the overall mass flow rate entering the evaporator must be 
reduced and the saturation temperature of the refrigerant must be lowered to create a larger 
temperature difference. Lowering the evaporation temperature causes a reduction in system COP. Many 
studies have been performed to understand how distribution of refrigerant occurs, what it affects, and 
the way it is exacerbated.   
 A few studies on the effects of maldistribution on system performance have been completed. 
Beaver, Yin, Bullard, and Hrnjak (1999) found that using a vapor-liquid separator prior to the evaporator 
improved distribution in the evaporator and thus caused better performance. Milosevic (2010) 
compared the use of a separator to a conventional vapor-compression system and found the 
improvement in distribution caused up to a 55% increase in overall system COP. The evaporator in that 
study was relatively undersized, which was the cause of the large performance increase. A study by Tuo, 
Bielskus, and Hrnjak (2011) showed performance gains of 11% and 16% for COP and cooling capacity, 
respectively and simultaneously, when using a flash gas separator to improve distribution.  
 In order to understand phase distribution in an evaporator, numerous studies were carried out 
on distribution of two phase flow in a horizontal manifold or header into vertical upward tubes. 
Watanabe, Katsuta, and Nagata (1995) studied a horizontal manifold with four vertical pipes attached to 
it and developed a phase split model based on experimental results. Osakabe, Hamada, and Horiki (1999) 
studied distribution effects of single phase water with varying amounts of air flowing through a header 
with four vertical tubes. The main conclusion attained was that the more air that was added caused 
different flow regimes in the header as well as different distribution of mass flow rates. Fei, Cantrak, and 
Hrnjak (2002) found that the flow regime of the refrigerant entering the evaporator had a significant 
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effect on liquid mass flow distribution. Kim (2003) looked into the effect of mass flow rate and quality on 
distribution in a 10 parallel tube simulated heat exchanger. The results of the study indicated a lower 
disparity of distribution when the mass flow and quality were lowest. Vist and Pettersen (2004) also 
confirmed that the flow regime at the inlet of the header caused a significant effect on distribution for 
two-phase refrigerant in a compact manifold. Hwang, Jin, and Radermacher (2007) studied effects of 
operating conditions and geometry on two-phase distribution. Two different refrigerants and two inlet 
locations were investigated. Zou (2010) performed a study on distribution by simulating an intermediate 
vertical header of a multipass evaporator. In general, he discovered that the best distribution is at low 
qualities and high mass flow rates.   
As microchannel heat exchangers become more attractive in residential and commercial A/C 
systems, numerical modeling of such heat exchangers is essential for the purpose of saving experimental 
cost and shortening design duration for optimization of heat exchangers. There are numerous studies on 
the modeling of microchannel heat exchangers. Litch and Hrnjak (1999) modeled a microchannel 
condenser with horizontal tubes and vertical headers. The condenser was divided into two zones, and 
imposed a quality distribution profile on the two phase zone to obtain a wall temperature profile 
consistent with the infrared image taken. Kim and Bullard (2001) modeled the performance of an 
evaporator with CO2 as the refrigerant, and attained a good prediction of cooling capacity and overall 
pressure drop. The authors considered the refrigerant to be uniformly distributed. It is important to 
note that they had an evaporator with baffles, thus lessening potential effect of maldistribution with the 
penalty of pressure drop. Yin, Bullard, and Hrnjak (2002) measured single-phase pressure drop in a 
microchannel heat exchanger, in order to characterize the individual pressure drops and use them to 
predict distribution of nitrogen in a parallel microchannel heat exchanger. Using single phase nitrogen in 
the flow tests also allowed the author to detect the presence of blocked ports in the finished product. 
Jin (2006) varied mass flow rate and inlet quality in a microchannel heat exchanger, and measured the 
quality and flow rate in the microchannel tubes. Jin proposed a correlation to predict microchannel tube 
inlet quality, based on the overall mass flow rate in the tube and in the header. Brix, Kaern, and 
Elmgaard (2009) simplified and modeled refrigerant maldistribution in two parallel tubes by maintaining 
a superheat of 6 °C at the exit of the evaporator and looking into the effect on overall evaporator 
performance in terms of cooling capacity and pressure drop using the refrigerant R134a. The authors 
performed a parametric study by changing the inlet quality of one tube from 0 to the same quality as 
the other tube. Brix et al. (2009) found that the larger the difference in quality represented lower overall 
mass flow rate and subsequently lower cooling capacity. Brix, Kaern, and Elmgaard (2010) looked into 
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the difference of cooling capacity based on different severities of maldistribution of inlet quality into the 
microchannel tubes using CO2 as the refrigerant. Due to the mean UA value being constant throughout 
the range of maldistribution, the authors concluded that refrigerant-side quality maldistribution for CO2 
refrigerant does not significantly affect cooling capacity calculation. Ablanque, Oliet, Rigola, Perez-
Segarra, and Oliva (2010) created a numerical simulation model of two-phase flow distribution in a 
system with multiple t-junction branches. The authors used Seeger’s correlation to predict the quality in 
the branch portion of the junction, and then used an algorithm to solve the continuity and momentum 
equations of the model. Ablanque et al. (2010) came to the conclusion that the majority of the vapor 
refrigerant enters the first few tubes, with the rest of the tubes receiving low quality refrigerant. 
Currently, there is no model of a microchannel evaporator that considers the refrigerant 
distribution issue. The objective of the study is to propose a new evaporator model on the basis of the 
pseudo 2-D finite volume method. Each pressure loss and refrigerant distribution issue is considered in 
detail. Overall evaporator performance in terms of capacity, superheat, and pressure drop are predicted 
by the model, and the impact of refrigerant distribution on these performance metrics is investigated. 
To validate this model, a set of experimental tests on the evaporator performance are conducted in the 
mobile A/C test facility. The system operates in two different modes: flash gas bypass (FGB) and 
conventional direct expansion (DX). In the FGB mode, there is a flash gas separator just prior to the 
evaporator. This device separates liquid from vapor, and only liquid is supplied to the evaporator. The 
refrigerant distribution is simpler to model in this case, as the inlet header of the evaporator only has 
liquid refrigerant entering. The DX case requires additional equations to model, two phase flow enters 
the inlet header. In addition, the evaporator is also tested under two different inlet/outlet 
configurations, to investigate the impact on distribution. 
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Chapter 2: Experimental Facility 
 
 The experiment section was conducted on a standard mobile air conditioning system. The 
system is described in detail by Milosevic (2010). In the system, there is an outdoor and indoor chamber 
separated from the compressor. Each chamber contains a wind tunnel where the evaporator or 
condenser resides, as well as a variable speed blower and duct heater. In the condensing chamber, the 
heat rejected from the system is removed through the use of a heat exchanger supplied with external 
coolant from a chiller. There is a duct heater in either chamber controlled by a PID controller. The duct 
heater in the evaporating chamber supplies heat equivalent to the heat added into the system. The duct 
heater in the condensing chamber is there to more effectively control the temperature of the 
condensing chamber, rather than relying explicitly on the mass flow and temperature of the glycol loop. 
There are three ways to calculate heat rejected or added into the system: Chamber side, air side, and 
refrigerant side. The schematic of the system is presented below: 
 
Figure 2.1: Experimental facility schematic 
 
In figure 2.1 in the indoor chamber, there is a flash gas tank with a bypass valve connecting the 
tank to the suction line of the compressor. The bypass valve is a standard needle valve that can be 
opened and closed. If the bypass valve is closed, the system operates as a typical vapor compression 
system, and the flash tank has no effect. This mode is referred to as Direct Expansion (DX) mode.  When 
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the bypass valve is opened, the flash gas is separated from the liquid in the flash gas tank and bypassed 
over the evaporator. This is referred to as the flash gas bypass (FGB) configuration. Thus, two distinct 
flow conditions at the evaporator inlet are provided. For DX operation, two phase refrigerant enters the 
evaporator, and the flow rate is measured by a flow meter installed before the electronic expansion 
valve. For FGB operation, only saturated refrigerant with a quality of zero enters the evaporator; in this 
case, flow rate is determined by adjusting the measured flow rate from mass flow meter by the quality 
calculated at the inlet of the flash gas tank. 
In order to visualize distribution inside the evaporator, an infrared camera is used to record the 
surface temperature profiles of the microchannel evaporator. The experimental surface wall 
temperatures are compared to predicted ones to confirm the refrigerant distribution.  
The experiment system operates in dry regime with no dehumidification to facilitate use of an 
infrared camera. Otherwise, under test condition with dehumidification, the surface of the evaporator is 
wet, equalizing the surface temperatures. The refrigerant distribution can only be visualized properly 
with this technique in cases having dry evaporator surfaces. The results taken in the dry condition can 
still be applied to dehumidification operating conditions, because the air-side humidity condition is not 
one of the primary factors that affect refrigerant distribution inside microchannel tubes.  
Data is acquired into the system using a Hewlett-Packard data acquisition system HP75000. HP 
VEE 6.0 software is used to acquire the data and record it to a Microsoft Excel data sheet. The data is 
then copied from the Excel data sheet and placed into an EES program. The EES program reduces all the 
data and calculates results such as system COP, cooling capacity, pressure drop, and other data.  
 The following heat exchanger was used in the experiment and simulated in the model. 
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Figure 2.2: Microchannel evaporator used in system tests 
  
This heat exchanger allowed connections on either side of both headers. The heat exchanger 
was connected to the system in two ways: with the inlet and outlet on the opposite side and inlet and 
outlet on the same side. Figures 2.3 and 2.4 illustrate this in greater detail. The location of pressure 
measurements is also shown, with the pressure transducers represented as circles. The values that are 
boxed indicate pressures calculated by the model.  
P-4
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123323334
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Figure 2.3: Microchannel evaporator in opposite side configuration 
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Figure 2.4: Microchannel Evaporator in same side configuration 
 
In FGB mode, the flash gas bypass valve is opened to the point so that pressure drop across the 
valve is equivalent to pressure drop across the evaporator, which causes a steady liquid level to be 
established in the separator. As the flash tank is transparent, it is evident that only saturated liquid 
refrigerant is entering the evaporator in this case.  
The heat exchanger’s physical parameters are listed below. 
 
Figure 2.5: Nomenclature of microchannel evaporator 
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Heat Exchanger Physical Parameters 
Face Area (m2) 0.068 
Fin Pitch (mm) 1.3 
Fin Height (mm) 7.9 
Fin Depth (mm) 21.3 
Fin Thickness (mm) .1 
Louver angle (deg) 27 
Louver pitch (mm) 1.4 
Louver Height (mm) 6.6 
Air heat Transfer Area (m2) 0.0825 
Tube Number 34 
Tube Pitch (mm) 9.8 
Tube Depth (mm) 18.8 
Tube Length (mm) 275 
Tube Thickness (mm) 1.9 
Number of ports per tube (mm) 19 
Hydraulic Diameter (mm) .77 
Refrigerant Heat Transfer Area (m2) .019 
Header Diameter (mm) 20.3 
Table 2.1: Microchannel evaporator specifications 
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Chapter 3: Model Description 
 
In order to understand how mass flow distribution occurs, a steady state simulation based on the ε-ntu 
method was written in Engineering Equation Solver (EES). Regardless of what flow path the refrigerant 
takes, the various pressure drops across each unique flow path add up to the same overall pressure drop. 
EES iterates for the mass flow rates through the tubes until this condition is satisfied. This concept is 
illustrated in the figure below: 
 
Figure 3.1: Flow path description 
 
The pressure drops that are taken into account in the EES model are illustrated below: 
Inlet Header
Outlet Header
Microchannel Tube
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Figure 3.2: Characterized pressure drops in the model 
 
There are 34 different flow paths, each with a ΔPi,flow_path that is calculated based on the mass 
flow rate and heat transfer that occurs along that flow path; each ΔPi,flow_path must be equal in order for 
convergence to be obtained. These flow paths are calculated slightly differently based on the 
inlet/outlet configuration. In the opposite side configuration, the pressures are summed up as follows: 
 
34
, _ , _ , , _
1
i
i flow path i inlet header i tube i outlet header
k k i
P P P P
 
         (3-1) 
In the same side configuration, the pressures are summed up as follows: 
 
, _ , _ , , _
1 1
i i
i flow path i inlet header i tube i outlet header
k k
P P P P
 
        (3-2) 
In order to solve the problem efficiently, the program solved for the pressure drops by dividing 
the evaporator into 3 distinct parts: the inlet header, the microchannel tubes, and the outlet header. 
Each part was solved according to the respective governing equations.  
Along the inlet and outlet headers, the pressure drop is solved for by dividing the header into 34 
elements, the same number of elements as tubes. It is assumed that there is no heat transfer to the 
refrigerant across the headers; therefore, the quality at the inlet of each microchannel tube is calculated 
based on vapor mass conservation. Pressure drop in the header is calculated through two components: 
Inlet
Outlet
k Loss, inletξ Con,tube
ξ Exp, inlet
ξ Exp, tube k Loss, outletξ Con, outlet
ΔPMomentum
ΔPGravity
ΔPFriction
f Loss, inlet
f Loss, outlet
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a frictional component and a loss coefficient component. As the refrigerant moves along the header, it is 
assumed that there is no reverse flow of refrigerant. The properties at the outlet of one element are 
assumed to be the properties at the inlet of the adjacent element. 
As the refrigerant travels along the microchannel tubes, there are assumptions made on both 
the refrigerant side and on the air side. Each microchannel tube has 19 ports. Each of these ports are 
assumed to have the same amount of refrigerant; that is, there is no maldistribution of refrigerant along 
these ports. Each tube is divided into a certain number of elements, and the inlet of one element shares 
the same properties as the outlet of the preceding element.  The initial pressure and quality at each 
microchannel tube is passed from the inlet header function. On the air side, there is no maldistribution 
of air flow rate. 
The vertical microchannel tubes were divided into finite elements, in order to use the ε-ntu 
method. For the method to be accurate, each element cannot exceed a certain size. The model was run 
for element numbers of 10, 25, 50 and 100. The pressure drop calculation differed by 3% in between 25 
elements and 100 elements. The cooling capacity differed by less than 1% and the superheat was 0.4 °C 
lower in the 25 element case. In order to save calculation time, each microchannel was divided into 25 
parts; each element is 0.011 m long. 
The following is a detailed description of the equations used to calculate pressure drop and heat 
transfer. 
3.1 Microchannel Tube Modeling Equations 
 
The following equations are used to calculate heat transfer and pressure drop as the refrigerant 
moves through the microchannel tubes. 
3.1.1. Heat transfer 
Heat transfer to the refrigerant only occurs through the microchannel tube. Heat transfer to 
each element along the microchannel tube is calculated using the ε-ntu method: 
 min
( )element air refQ C T T    (3-3) 
The effectiveness is calculated in the two-phase zone using the following equation: 
 1
NTUe    (3-4) 
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In the single-phase zone, this equation is used to calculate effectiveness specifically in the case 
of a cross flow heat exchanger with both fluids unmixed.  
 
.78
.22(1/ ) ( 1)
1
C NTUR
RC NTU ee
    (3-5) 
The number of transfer units is calculated using the following equation: 
 
Min
UA
NTU
C
  (3-6) 
UA is calculated in all cases by using the refrigerant side area, the air side area, and their heat 
transfer coefficients. The air side area is multiplied by the air side fin efficiency; on the refrigerant side, 
there is no efficiency number needed to adjust the area. Conduction through the aluminum wall is 
neglected in the calculation of UA, as the wall is relatively thin. 
 
1
1 1
ref ref air air fin
UA
h A h A 


 (3-7) 
The fin efficiency is calculated based on the physical parameters of the heat exchanger, and it is 
typically around 95%. 
 
2
tanh
2
2
2
fin air
fin f
fin
fin air
fin f
H h
k
H h
k



 
 
 
   (3-8) 
3.1.2. Pressure Drop 
Pressure drop is calculated differently based on whether the refrigerant is single phase or two 
phase. In the two-phase zone, there are three components: a frictional component, a momentum 
change component (acceleration), and a gravity component due to the refrigerant flowing in an upward 
orientation. In the single phase zone, there is no momentum component. 
In the two phase zone, the Friedel correlation was chosen based on the good agreement 
between the correlation and experimental microchannel data of Kuwahara et al. (2004). Kuwahara 
measured pressure drop across a similar sized microchannel tube under similar mass flux range. Friedel 
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(1979) analyzed a database of a large amount of points to determine a two phase multiplier for vertical 
upward flow in round tubes.  
 
2 2
1 .045 .035
3.24 F
lo F
C
C
Fr We
    (3-9) 
The two constants CF1 and CF2 are defined as follows: 
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  
 (3-10) 
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 (3-11) 
For Re < 2000: 
 
16
Re
lo
lo
f   (3-12) 
 
16
Re
vo
vo
f   (3-13)
 
 
For Re ≥ 2000: 
 
0.250.079Relo lof
  (3-14) 
 
0.250.079Revo vof
  (3-15)
 
 
The liquid only pressure drop is defined as follows: 
 
22 lo
lo
l h
f G l
P
D
   (3-16)
 
 
The liquid only pressure drop is multiplied by the two-phase multiplier to obtain the pressure 
drop: 
 
2
fr lo loP P     (3-17)
 
 
There is a pressure drop due to momentum change in the two phase region. As the refrigerant 
evaporates, the density, quality, and void fraction change causing a loss of kinetic energy. 
 
 
 
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 
2 22 2
2
1 1
1 1
e ie i
m
v e l e v i l i
x xx x
P G
       
        
        
         
 (3-18)
 
 
The void fraction is defined in the following equation, based on Kim and Bullard’s (2001) 
recommendation of void fraction for use with the momentum change equation: 
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The Martinelli parameter is given by the following equation: 
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In both the single and two phase regions, the gravity pressure drop applies. It is defined using 
Zivi’s (1964) void fraction correlation: 
 
  1g v lP gl       (3-22)
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1
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i l
x
x




  
   
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In addition to the gravitational pressure drop, there is a frictional component to the pressure 
drop when it is single phase vapor.  
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In microchannel tubes, the diameter is very small in relation to the relative roughness of the 
tube. Churchill’s equation (1977) takes the roughness into account when determining frictional pressure 
drop. The friction factor is defined below:  
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At the inlet of each microchannel tube, there is a contraction pressure loss and at the exit, there 
is an expansion pressure change. The contraction loss was described by Idel’chik (1986) in the following 
way: 
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The pressure change due to expansion defined by Idel’chik (1994) is similar in calculation to the 
contraction loss. 
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3.1.3. Heat Transfer Coefficient 
Heat transfer to the refrigerant along the microchannel tube is determined based on whether 
the refrigerant is in the two phase or single phase zone. In the two phase zone, Chen (1966) determined 
a correlation based on two contributions: nucleate boiling and bulk convective heat transfer. The overall 
heat transfer coefficient is determined by multiplying these contributions by a factor and summing them 
together.  
 tp nb sp
h Sh Fh 
 
 (3-33) 
The nucleate boiling contribution is determined by modifying the Forster-Zuber (1955) 
correlation for nucleate pool boiling.  
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ΔTsat is the difference in wall and refrigerant saturation temperatures. The wall temperature is 
approximated by using a thermal resistance between the air and refrigerant temperature. The S factor is 
calculated based on the liquid Reynolds number.  
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The macroscopic portion is calculated based on the Dittus – Boelter equation, which is then 
modified by a factor F depending on the Martinelli parameter. 
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For 1/Xtt> 0.1 
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For 1/Xtt≤ 0.1 
 1F    (3-38) 
The single phase heat transfer is given by Gnielinski (1976). 
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where: 
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The air-side heat transfer is calculated using a correlation developed by Kim & Bullard 
(2002).They developed a correlation for the Colburn factor using parameters of microchannel heat 
exchangers, valid for 100 <ReLp< 600. 
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 (3-41) 
 The heat transfer coefficient on the air side is then calculated based on this Colburn factor. 
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3.2 Header Modeling 
 
In all cases and configurations, it is assumed that no heat transfer takes place in the header. 
Thus, only the pressure drop must be correctly calculated in this part of the model. The pressure drops 
occurring in either header are the frictional loss along the header, the kloss associated with refrigerant 
passing over a microchannel tube, and either the inlet expansion loss or outlet contraction loss in the 
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header. The liquid and vapor mass flow rates are conserved in both the inlet and outlet headers.  The 
mass flux in the header is calculated using half of the diameter of the header, which is the effective flow 
area. 
3.2.1. Inlet Header Modeling – FGB 
The pressure drop due to refrigerant travelling along the header is given by Yin et al. (2002): 
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Each element i is the length of one tube pitch; therefore, at each element, there is a new mass 
flux G due to the fact that some mass flow rate has been taken up through a microchannel tube.  This 
must be considered in order to properly capture the pressure drop through the header.  
The frictional loss factor f is assumed to be 0.01, which is the highest friction factor on the 
Moody chart. This is done rather than calculating the friction factor at each location of the header. The 
friction loss compared to the kloss is an order lower in magnitude, and calculating the friction loss at each 
point in the header would greatly increase the computing time without significant change in pressure 
drop prediction. 
The kloss factor cannot be calculated through empirical correlation; it must be calculated based 
on experimental results.  
The expansion gain ξ occurring at the inlet of the header is calculated according to equation 3-32. 
It is assumed that the liquid-vapor separator works ideally; thus, only liquid mass flow is 
entering the evaporator. The quality at all points in the header can be assumed to be zero, due to the 
liquid-vapor separator prior to the evaporator shown in figure 2.3 and 2.4. 
3.2.2. Inlet Header Modeling – Direct Expansion 
The pressure drop in the inlet header in the direct expansion case is subject to an equation 
similar to 3-43. 
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In this case, the ΔPl is the pressure drop calculated based on the separated flow model.  
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The friction factors are defined as follows: 
  Re nl lf B
  (3-50) 
  Re nv vf B
  (3-51) 
In order to determine the friction factor, pressure gradient ratio, and C constant, the liquid and 
vapor Reynolds numbers must be calculated. Once these are calculated, the values of B, n, and C are 
defined as follows for vapor or liquid Reynolds numbers. 
For Re < 2000: 
 
16B   (3-52) 
 
1n   (3-53)
 
 
For Re ≥ 2000: 
 
0.079B   (3-54) 
 
0.25n   (3-55) 
The C constant is defined based on the combination of liquid and vapor Reynolds numbers. The 
following table shows the C value based on the flow condition. 
Liquid Reynolds Number Vapor Reynolds Number C 
>2000 >2000 20 
<2000 >2000 12 
>2000 <2000 10 
<2000 <2000 5 
Table 3.1: C Constant in the separated flow definition 
 
The inlet header in the direct expansion case is subject to the same assumptions as in the FGB 
case. However, the quality at the inlet of each tube is not equal to the quality at the inlet of the 
evaporator. Instead, it is assumed that as many tubes as possible next to the inlet of the header receive 
a quality of 0.7. The methodology for choosing this quality is presented in section 4.3. This number is 
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different based on the overall mass flow rate to the evaporator. The number of tubes receiving 0.7 
quality is adjusted until the remainder of the tubes receive an equal quality closest to zero. The quality 
that the remaining tubes receive is based on the vapor conservation.  
3.2.3. Outlet Header Modeling 
The outlet header is modeled in the same way as the inlet header for flash gas bypass, 
regardless of whether it is flash gas or conventional direct expansion. The contraction loss at the end of 
the outlet header is calculated using equation 3-30. 
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Chapter 4: Results and Discussion 
 
 Overall pressure drop, cooling capacity, and superheat at the exit of the evaporator from the 
experimental results are used to validate the model. The inputs given to the model from experimental 
data consist of total mass flow rate, the inlet quality to the separator (FGB Case) or to the evaporator 
(DX Case), refrigerant inlet saturation temperature, air inlet temperature, and air flow rate.  
4.1 Kloss Determination 
 
 Before validation can be done, the kloss coefficient in the headers, defined in equation 3-43, must 
be chosen according to the experimental data. The minor pressure loss through the headers and its 
order of magnitude in relation to the microchannel tube pressure drop is what determines the deviation 
in refrigerant distribution. The pressure drop through the header is largely caused by the 50% protrusion 
of the microchannel tubes into the inlet and outlet headers. There has not been any study or related 
correlation predicting this minor loss completed in open literature. The closest work was performed by 
Yin et. al (2002). His work was on characterization of pressure drops in a parallel microchannel heat 
exchanger with adiabatic single phase nitrogen. Yin supplied nitrogen only through the inlet header and 
measured the pressure drop across the header, and then calculated the kloss coefficient from the results. 
He found that over a Reynold’s number range of ~100 to ~100000, the kloss calculation is around 0.4 for 
that particular heat exchanger header size, with some variance in the measurement around low 
Reynold’s numbers. Because of the very wide range of Reynold’s numbers and thus mass fluxes, the kloss 
can be assumed to be constant across the entire range of mass flow rates. Unfortunately, Yin did not 
provide a correlation to predict the kloss coefficient if the header geometric properties are known. Thus, 
one must be determined using experimental data. 
In order to calculate the kloss factor, the first step is to choose the appropriate data set. The data 
set for FGB with the inlet and outlet opposite of each other at a superheat of 15 °C and an air 
temperature of 35 °C was chosen to determine the kloss coefficient, as this represents the median 
refrigerant flow rate. The FGB dataset rather than the DX case was used, because the DX case has two-
phase refrigerant that enters the inlet header. The kloss factor will remain the same for all configurations 
and conditions of the evaporator, based on Yin’s findings.  
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Table 4.1: Pressure drop, cooling capacity, and superheat predictions for various kloss coefficients 
 
The experimental data is shown in the first row and the model results are given for each kloss 
coefficient tested in the rows below. The first kloss coefficient, 0.7, matches the superheat to less than 
1ºC. This experimentally calculated value is in the same order of Yin’s calculated value of 0.4. The 
difference between these could be due to geometrical differences in the header, effect of the oil-
refrigerant mixture, or a difference in fluid properties. The pressure drops between points 1-2 and 
points 3-4 are also predicted accurately, which appears to indicate that the mass flow rate profile is 
predicted well. 
Although most of the other calculated variables are within ten percent of the experimental 
result, the pressure difference between points two and four (ΔP2-4) is quite different from the 
experimental measurement. The kloss coefficient was increased until the model predicted Δ2-4 within five 
percent. However, this caused the other data to be predicted incorrectly, most notably the superheat at 
the exit of the evaporator. Because the purpose of the model is to correctly predict performance of the 
microchannel evaporator in terms of superheat, cooling capacity, and overall pressure drop correctly 
when refrigerant maldistribution exists, the kloss coefficient for this evaporator was chosen to be 0.7.  
4.2 Opposite Side Configuration – Flash Gas Bypass 
 
The following data table presents the measured vs. the predicted values run for the entire range 
of test conditions for the opposite side – FGB case. “Opposite side configuration” refers to the 
orientation of the inlet and outlet connections to the headers, illustrated in figure 2.3. 
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Table 4.2: Experimentally measured vs. predicted values for opposite side – fgb configuration 
 
The prediction for the overall pressure drop, cooling capacity, and superheat appears to be fairly 
good. The most important prediction of all of these values is the superheat prediction, which separates 
the mass flow rate distribution model from the uniform distribution model, which assumes that 
refrigerant is equally distributed among parallel tubes. The following mass flow rate profile represents 
the 16.2 g/s mass flow rate case from table 4.2. The superheat at each tube number represents the 
superheat at the exit of the tubes. 
 
Figure 4.1: Mass flow rate and exit superheat distribution among the tubes, and average superheat at evaporator 
exit for FGB operation, opposite side configuration 
 
7.0 3.7 25.7 5.2 4.1 1.5 1.5 19.9 21.0
8.6 6.9 25.5 6.3 5.7 1.8 1.8 14.5 17.2
9.8 9.0 25.1 7.2 7.0 1.9 2.0 7.4 11.7
10.5 10.4 25.9 7.6 7.6 2.1 2.0 0.6 5.1
14.7 6.0 35.6 14.9 14.6 3.1 3.2 20.7 25.0
16.2 7.7 35.6 16.4 16.4 3.3 3.3 14.0 14.3
17.2 8.7 35.5 17.6 17.6 3.4 3.4 3.5 4.6
18.0 9.4 35.6 18.1 18.4 3.5 3.4 0.0 0.0
17.8 5.3 40.6 21.7 20.9 3.7 3.8 21.2 24.8
19.3 7.0 40.6 23.2 22.7 4.0 3.9 14.6 13.7
19.9 7.6 40.5 23.7 23.4 4.0 4.0 7.3 7.9
20.2 8.0 40.6 24.2 23.6 4.0 4.0 4.8 5.5
Q - Predicted 
(kW)
Superheat - 
Measured (ºC)
Superheat - 
Predicted (ºC)
Evaporator Air Inlet 
Temperature (ºC)
Mass Flow Rate 
(g/s)
Evaporator Ref. Inlet 
Temperature (°C)
Overall ΔP - 
Measured (kPa)
Overall ΔP - 
Predicted (kPa)
Q - Measured 
(kW)
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The overall superheat prediction is based on the adiabatic mixing of the mass flow rates and 
their tube enthalpies. Thus, the average superheat prediction is impacted primarily by the exit quality in 
tubes 31 through 34, as these tubes have mass flow rates that are two phase at the exit and also have a 
much larger mass flow rate than the other tubes. Thus, the overall superheat prediction depends heavily 
on the mass flow rate and quality in the tubes closest to the exit. Looking at table 4.2, it becomes 
apparent that the mass flow distributions for all cases are well predicted, due to the accurate superheat 
prediction.  
Another method to verify the mass flow rate profile prediction and thus the superheat 
prediction is to compare the wall temperature profile taken by infrared camera to the wall temperatures 
predicted by the model. Unfortunately, the mass flow rate prediction cannot be directly validated 
through this method.  The mass flow rate in each microchannel tube cannot be measured in an 
evaporator working in a standard air conditioning system without using an intrusive method, thereby 
altering the physical phenomena occurring. However, the evaporator surface temperature profile can 
indicate the mass flow rate distribution indirectly. 
Condition: Mref = 16.2 g/s Tref = 7.7 °C Tair = 35 °C ΔTsup = 15 °C 
 
 
Figure 4.2: Experimentally obtained Infrared image 
of evaporator surface temperatures for FGB 
operation, opposite side configuration 
 
 
Figure 4.3: Model predicted wall temperatures of 
evaporator surface for FGB operation, opposite side 
configuration 
 
Both the experimental and model predicted superheat profiles are similar, in that the tubes on 
the far left in figure 4.2 appear to have refrigerant that is two-phase at the exit.   
Evaporator Outlet 
Evaporator Inlet 
Evaporator Outlet 
Evaporator Inlet 
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One more way to verify that the model works correctly is to look at a case of high superheat. In 
a case which has an average superheat of 20 °C, the concept of adiabatic mixing presented in figure 4.1 
indicates that the tubes closest to the exit should have refrigerant that is superheated when it leaves the 
microchannel tube. If every tube has superheated refrigerant at the exit, then the mass flow rate 
distribution can be confirmed by the comparing the lengths of each tube’s two-phase zone in the 
experimental image to the model prediction. The inlet of all tubes can be assumed to have the enthalpy 
of saturated liquid refrigerant, thus if the length of the tube is constant and all other variable affecting 
heat transfer are constant, there is only one mass flow rate that corresponds to a two-phase zone height. 
Thus, the experimental infrared image can confirm the mass flow rate distribution. The experimental vs. 
predicted wall temperatures for the 7.0 g/s case are shown in figures 4.4 and 4.5. 
Condition: Mref = 7.0 g/s Tref =  3.7 °C Tair = 25 °C ΔTsup = 20 °C 
 
 
Figure 4.4: Experimentally obtained Infrared image 
of evaporator surface temperatures for FGB 
operation, opposite side configuration 
 
 
Figure 4.5: Model predicted wall temperatures of 
evaporator surface for FGB operation, opposite side 
configuration 
 
As expected, the tubes at the far left appear to have a slightly higher two-phase zone, which is 
also the case in model predicted temperatures.  
 The large variance from fairly uniform distribution predicted in figure 4.5 to the skewed 
distribution in figure 4.3 is determined by the relative size of the header pressure drops to the tube 
pressure drops. The pressure distribution for the mass flow rate of 16.2 g/s is shown below. 
Evaporator Outlet 
Evaporator Inlet 
Evaporator Outlet 
Evaporator Inlet 
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Figure 4.6: Pressure drop profile for FGB operation, opposite side configuration 
 
The large pressure drop in the outlet header determines the pressure distribution and thus the 
mass flow distribution. There is a large discrepancy between the inlet and outlet header pressure drops 
in figure 4.6. This is attributed to the mostly vapor flow in the outlet header, seen in figure 4.1, 
compared with the liquid flow in the inlet header. Because equation 3-44 is used for both inlet and 
outlet header pressure drop calculations, it can be seen that the only difference in the pressure drop 
calculation is the density of the refrigerant in the specific header. The outlet header pressure drop is 
much larger due to the density of the vapor refrigerant in the outlet header being an order lower in 
magnitude than the liquid inlet header density. The model must account for the larger outlet header 
pressure drop, which significantly impacts the convergence criterion described in equation 3-1. This is 
done by skewing the flow rates in the manner seen in figure 4.1. The larger mass flow rate through the 
left-most tubes will have a much higher pressure drop seen in figure 4.6, which will then add together 
with the smaller inlet header pressure drop to obtain convergence.  
The comparison of predicted to experimental values of cooling capacity is shown below. 
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Figure 4.7: Predicted vs. experimental cooling capacity for FGB operation, opposite side configuration 
 
 The cooling capacity is predicted within ±5% over the entire data range. Although the air-side 
heat transfer area is much larger than the refrigerant side, heat transfer resistance is still dominated by 
the air side due to the values of the heat transfer coefficients. In the refrigerant two-phase zone , which 
dominates cooling capacity calculation, the air-side heat transfer coefficient is in the range of 100 W/m2-
°C, while the refrigerant side heat transfer coefficient is up to 5000 W/m2-°C. In the superheated zone, 
the refrigerant heat transfer coefficient is on the order of a few hundred W/m2-°C. Due to the way the 
UA value is calculated, the refrigerant heat transfer coefficient can have a large variance, without 
affecting the UA calculation much. A correct air-side heat transfer prediction, which Bullard (2002) 
found his correlation to be accurate compared to other correlations, is much more important to 
correctly calculate overall capacity. 
As seen in figure 4.6, the various pressure drops across the evaporator are very important to 
correctly determine the distribution. The model presents the prediction for the overall pressure drop 
(ΔP1-3) in the figure below: 
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Figure 4.8: Predicted vs. experimental pressure drop across ΔP1-3 for FGB operation, opposite side configuration 
 
The overall pressure drop is predicted well over a range of 7 to 20 g/s flow rate to the 
evaporator. It is important to note that the pressure drop predicted is not directly a measure of how 
well the pressure drops that influence mass flow distribution are predicted, because the measure is not 
from point P-1a to P-3a. It includes the contraction loss from point P-3a to P-3 and the expansion gain 
between P-1a and P-1. The pressure loss (P-3a to P-3) due to contraction in the outlet header is 
significantly higher than the pressure gain (P-1 to P-1a) due to expansion in the inlet header for two 
reasons. Most importantly, there is liquid refrigerant entering the inlet header when it undergoes 
expansion. Liquid refrigerant has a much higher density than that of the single phase vapor in the outlet 
header, which corresponds to a large difference in pressure loss or gain when calculating pressure loss 
according to equations 3-30 and 3-32. In addition, closer inspection of those equations indicates that at 
a small area ratio, the contraction loss will be large. However, the expansion gain will be small for a 
small area ratio. 
The contribution for the pressure drop due to the contraction loss and the contribution from 
every other pressure drop is shown below. It should be noted that the model does not take into account 
possible clogging of ports due to brazing issues nor manufacturing variations of the port sizes, which 
could be significant. The model is based on nominal port dimensions. 
28 
 
 
Figure 4.9: Comparison of magnitude of pressure drops for FGB operation, opposite side configuration 
 
The following data table presents the comparison between model and experimental values of 
pressure drop.  
Table 4.3: Detailed pressure drop measurements vs. predictions for opposite side – fgb configuration 
 
Because the mass flow distribution is predicted correctly, the pressure drops ΔP1-2 and ΔP3-4 
indicate whether the pressure drop correlations accurately predict the pressure drop through the 
microchannel tubes. Due to good agreement between experimental and model results, the pressure 
drop correlations appear to be correctly chosen. 
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Referring to figure 2.4, there is only a negligible pressure loss between point P-2 and the exit of 
tube one, as well as a negligible pressure loss between point P-4 and the entrance of tube thirty-four, 
because there is no flow rate between these points. It can be assumed that the pressure difference 
between point P-2 and P-4 is the same as the pressure difference between the exit of tube one and the 
entrance of tube thirty-four. This indicates that ΔP2-4 can be described as follows: 
 2 4 1 4 1 2a a
P P P       (4-1) 
ΔP1-2 is the same as ΔP1a-2, due to the negligible expansion pressure change from P-1a to P-1. 
Because ΔP1-2 and ΔP3-4 appear to be accurately predicted, equations 4-1 and 4-2 can be used to show 
that ΔP2-4 is a measure of how well the inlet or outlet header pressure drops are predicted. The 
experimental vs. predicted values of ΔP2-4 are shown in figure 4.10.  
 
Figure 4.10: Predicted vs. experimental pressure drop for ΔP2-4 for FGB operation, opposite side configuration 
 
Due to the small pressure difference between 2 and 4 which falls on the low end of the 
differential sensor range, measured data may not be as accurate as indicated by sensor accuracy. The 
absolute maximum deviation is about 1.3 kPa, which should be acceptable for model prediction. 
4.3 Opposite Side Configuration – Direct Expansion 
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 Opposite side configuration means that the refrigerant inlet is on the opposite side of the outlet, 
illustrated in figure 2.3. Most evaporators in standard air conditioning systems do not have a separator 
upstream; rather, the expansion valve is located near the inlet of evaporator, and two phase refrigerant 
enters the evaporator. In the direct expansion case, the flash gas bypass valve from figure 2.3 is fully 
closed.  
 The flow regime at the inlet is very important for further distribution. The work presented in 
Bowers and Hrnjak (2009) indicated that the distrance between the expansion valve and the header 
plays an important role in refrigerant distribution. They presented the flow regime map as a function of 
distrance from expansion valve with several other input parameters. Based on that prediction the flow 
at the inlet header is mostly stratified. 
 The evaporator inlet header model for the DX case must account for two phase flow, rather than 
the single phase liquid in the FGB case. However, this adds an additional 34 unknowns, the vapor tube 
mass flow rates or qualities, yet only adding one additional equation, the vapor mass conservation 
equation across the entire header. A phase distribution model should be added to calculate what the 
quality will be when the refrigerant leaves the header and enters a microchannel tube. So far, to the 
author’s knowledge, little work has been conducted to investigate phase distribution specifically in a 
standard microchannel heat exchanger. The concept of a distribution profile was presented by Litch and 
Hrnjak (1999) . Their work represented developing a quality profile that matched predicted wall 
temperatures with experimentally obtained infrared images. On the evaporator side, the closest work 
has been done by Jin (2006), who made an empirical correlation in the form of a three piece linear 
profile to predict the quality variation along a horizontal header. The main drawback of this model is 
that it is based on experimental data obtained by an intrusive measurement approach where the outlet 
header is disassembled and a flow meter is installed at each microchannel tube. Therefore, the outlet 
header pressure drop and its effect on refrigerant distribution is not considered, despite its considerable 
impact on distribution as described in the previous section. However, it is still able to capture the 
fundamental physics behind distribution in a header-microchannel tube configuration. The fundamental 
principle is that vapor branches out from the header at a very high quality into the tubes near the inlet 
of the evaporator, since vapor flow has a low density and consequently low momentum. The liquid 
phase has a much higher momentum, and cannot turn the 90 degrees as easily to enter the 
microchannel tube. Thus, the liquid refrigerant goes further down along the header, and then enters the 
tubes at a relatively low quality.  
31 
 
The quality distribution profile recommended by Jin (2006) involves a three piece line. A quality 
of 0.96 is recommended for tubes which have a local vapor header mass flux to inlet header vapor mass 
flux ratio greater than 0.7. The tubes which have a vapor mass flux ratio less than 0.2 will receive a 
quality of 0.123. The tubes with ratios in between will receive a quality of the interpolated amount 
between 0.9 and 0.1. Because this quality distribution profile definition has a relatively difficult time 
obtaining convergence when used in conjunction with the mass flow distribution model, a simplification 
of this quality profile was used.  
Instead of a three piece profile with an interpolated section in between, a two piece line is used. 
At the tube closest to the inlet of the evaporator, the quality of that tube inlet is set to 0.7, rather than 
0.96, which is referred to as the set point quality. The tube immediately adjacent to it is also set to 0.7, 
and so on, until the vapor conservation equation does not allow any more tubes to receive 0.7 quality. 
At that point, every remaining tube receives the current quality of the refrigerant at that point in the 
header, ensuring that both liquid and vapor mass is conserved.The method is described in equation form 
as follows: 
If 0i i i iM X m x   when 0.7ix  , then 
 
0.7ix    (4-2) 
Otherwise, 
 
i ix X  (4-3) 
In order to ensure that the two-piece simplified profile produced similar overal results to the 
quality profile proposed by Jin (2006), both cases were run for the same mass flow rate and data point 
for the opposite side configuration. The following mass flow rate, superheat, and inlet quality profiles 
were obtained for the proposed quality profile and Jin’s (2006) profile.  
32 
 
 
Figure 4.11: Mass flow rate, Inlet quality, and superheat profiles for Jin’s quality distribution and proposed 
quality distribution for DX operation, opposite side configuration 
The results indicate that the superheat prediction for the simplified profile was 15.5 °C, whereas the 
profile recommended by Jin gave a superheat prediction of 17.5 °C. Both profiles predicted a cooling 
capacity of 3.1 kW and an overall pressure drop of 24.4 kPa and 24.6 kPa, for the simplified profile and 
Jin’s (2006) profile respectively. Due to adiabatic mixing of saturated refrigerant with superheated 
refrigerant in the outlet header and its effect on overall superheat prediction, it is more important to 
correctly choose the appropriate quality for the tubes which have two phase refrigerant at the exit. The 
slight difference in superheat can be attributed to the fact that tubes 31 through 34 received an inlet 
quality of .07 in the simplified model compared to a quality of .09 in Jin’s quality profile. 
Looking at the mass flow rate profiles it appears that the quality distribution profile imposed on 
the individual microchannel tubes has little to do with the overall prediction of superheat. This is a 
surprising result, considering  that different qualities cause different overall pressure drops in the 
microchannel tubes.  Figure 4.12 illustrates this concept, by indicating what overall mass flow rate and 
inlet quality are required to achieve a specific ΔP across a microchannel tube. 
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Figure 4.12: Required mass flow rate as a function of set point quality at a given pressure difference 
 
Imposing a different quality distribution profile should change the overall superheat prediction, due to 
the change in overall mass flow rates. However, this is not the case. The reason for this is the fact that 
the pressure drop in the outlet header for this evaporator is the dominant force behind determining 
what mass flow rate distribution will be, as shown in figure 4.6. Because the pressure drop at each 
individual point in the outlet header cannot change much, neither can the overall mass flow rate 
distribution. Thus, for this evaporator, it is not necessary to choose the exact quality distribution profile, 
as it will have little effect on the overall superheat, cooling capacity, and pressure drop prediction.  
The quality in equation 4-2 is referred to as the set point quality, as it is not a calculated value. 
Rather it is set at 0.7 on the basis that it best approximates the experimental infrared image. The 
remaining tubes, defined by equation 4-3, receive an inlet quality which satisfies the vapor conservation 
equation. The interpolated section recommended by Jin was eliminated in order to improve 
convergence of the model. Overall convergence is still constrained by the fact that pressure drop along 
each flow path must be identical. 
The results show that this quality distribution profile produces approximately the same width 
and height of the initial two phase zone shown in the picture below. The wall temperature of the 
34 
 
evaporator taken by infrared camera (fig. 4.13) compared with the wall temperature of the model result 
(fig. 4.14) is shown below.  
Condition: Mref = 19.0 g/s Tref =  6.0 °C Tair = 35 °C ΔTsup = 15 °C 
 
 
Figure 4.13: Experimentally obtained Infrared image 
of evaporator surface temperatures for DX 
operation, opposite side configuration 
 
 
Figure 4.14: Model predicted wall temperatures of 
evaporator surface with set point quality = 0.7 for DX 
operation, opposite side configuration 
 
The model was also tested by setting the set point quality of the first few tubes to 0.6 and 0.8, 
with the results shown in figures 4.15 and 4.16.The set point quality must be chosen such that the 
model predicts a superheated zone of similar width and depth. If the set point quality is chosen to be 
higher than 0.7, then the tubes will be superheated in a shorter length, but the width of this initial 
superheated zone will decrease. If a lower set point quality is chosen, then the opposite will occur. 
 
 
 
 
 
 
 
Evaporator Outlet 
Evaporator Inlet 
Evaporator Outlet 
Evaporator Inlet 
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Condition: Mref = 19.0 g/s Tref =  6.0 °C Tair = 35 °C ΔTsup = 15 °C 
 
 
Figure 4.15: Model predicted wall temperatures of 
evaporator surface with set point quality = 0.6 for 
DX operation, opposite side configuration 
 
 
Figure 4.16: Model predicted wall temperatures of 
evaporator surface with set point quality = 0.8 for DX 
operation, opposite side configuration 
 
The predicted results compared to the experimental results for the entire range of test 
conditions are shown below. 
Table 4.4: Experimentally measured vs. predicted values for opposite side – dx configuration 
 
The overall pressure drop and cooling capacity are predicted well, but the superheat is 
consistently overpredicted. The data point in the first row should be predicted accurately, due to the 
fact that the low flow rate means that the pressure drop through the headers will be low; the 
convergence criterion will indicate that the distribution will be most uniform in this case. As illustrated in 
13.3 0.6 25.5 15.4 15.6 2.1 2.2 16.0 23.6
14.5 2.1 25.5 16.9 17.5 2.3 2.4 11.4 18.9
15.3 3.0 25.4 17.6 18.7 2.3 2.4 2.6 12.9
15.8 3.6 25.6 18.2 19.5 2.4 2.5 0.0 8.6
17.8 4.6 35.6 23.6 23.0 2.9 3.0 16.8 23.1
19.0 6.0 35.7 23.6 24.4 3.0 3.1 9.6 15.5
19.6 6.6 35.6 25.0 25.3 3.0 3.1 2.8 10.4
20.2 6.7 35.5 26.9 26.5 3.0 3.1 0.0 7.0
21.1 5.8 40.6 31.0 30.4 3.2 3.3 12.3 21.1
21.5 6.1 40.5 31.9 31.1 3.2 3.3 4.9 18.3
23.4 8.0 40.7 35.1 33.7 3.2 3.4 2.6 5.1
24.9 9.2 40.7 38.3 35.9 3.5 3.4 0.0 0.0
Mass Flow Rate 
(g/s)
Evaporator Ref. Inlet 
Temperature (°C)
Overall ΔP - 
Measured (kPa)
Overall ΔP - 
Predicted (kPa)
Q - Measured 
(kW)
Q - Predicted 
(kW)
Superheat - 
Measured (ºC)
Superheat - 
Predicted (ºC)
Evaporator Air Inlet 
Temperature (ºC)
Evaporator Outlet 
Evaporator Inlet 
Evaporator Outlet 
Evaporator Inlet 
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section 4.2, at a high superheat and low flow rate, the infrared image can provide a good idea of how 
the mass flow rate is distributed, due to the refrigerant in most tubes being superheated at their 
respective tube outlets. In figure 4.17, the actual evaporator operating condition shows that there are 
significantly more tubes that have two-phase refrigerant at their exits than in in the predicted case, 
shown in figure 4.18. Even in this very superheated case, the experimental result indicates that the 
refrigerant in the left-most tubes are mixing with the other tubes to bring the average superheat down. 
Because the model predicts that all tubes are superheated, it is apparent that the mass flow rate profile 
is more skewed in the experimental image than in the model prediction. As the mass flow rate is 
increased, the mass flow rate profile will only become more skewed, both in the experimental and 
model result. The model will not catch up with the experimental result in the level of maldistribution, 
thus causing every case to be overpredicted.  
Condition: Mref = 13.3 g/s Tref =  6.0 °C Tair = 25 °C ΔTsup = 20 °C 
 
 
Figure 4.17: Experimentally obtained Infrared image 
of evaporator surface temperatures for DX 
operation, opposite side configuration 
 
 
Figure 4.18: Model predicted wall temperatures of 
evaporator surface for DX operation, opposite side 
configuration 
 
Referring to equation 3-44, the large decrease in density due to two-phase refrigerant causes a 
much greater inlet header pressure drop. Because this correlation has only been studied for single phase 
nitrogen so far, it is unknown whether the current equation can be used to model the DX configuration 
case. Also, the flow regime in the inlet header is not considered, which may impact the distribution 
prediction. Due to the greater inlet pressure drop, this causes an increase in uniformity of distribution. 
This predicted increase in uniformity appears to conflict with the experimental results.  
Evaporator Outlet 
Evaporator Inlet 
Evaporator Outlet 
Evaporator Inlet 
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Figure 4.19: Model predicted pressure profile for DX operation, opposite side configuration 
 
The pressure profile for Tair =  35 °C, ΔTsup = 15 °C is shown in figure 4.19, and the corresponding 
mass flow rate profile is shown in figure 4.20. The higher pressure drop in the inlet header occurs in the 
first few tubes, before becoming similar to the FGB inlet header pressure drop. This occurs because the 
quality entering the evaporator is around 0.2 to 0.3, which has a significantly lower density than a 
quality of 0, which is the case for FGB. Thus, the pressure drop calculation of the inlet header due to 
equation 3-44 is increased. The pressure drop becomes similar to the FGB inlet pressure drop because 
the first few tubes remove almost all of the vapor flow rate, causing the quality in the header to drop to 
zero. This effect can be seen in figure 4.20, which shows the mass flow, inlet quality, and superheat 
distribution. Overall, although the introduced quality distribution profile seems simplistic, good 
prediction of microchannel evaporator performance is achieved using the same principle of quality 
distribution provided by Jin (2006). 
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Figure 4.20: Mass flow rate, inlet quality, and superheat distribution for DX operation, opposite side configuration 
 
  The detailed pressure drops are provided in table 4.5. 
 
Table 4.5: Detailed pressure drop measurements vs. predictions for opposite side – dx configuration 
 
4.4 Same Side Configuration – Flash Gas Bypass 
 
13.3 2.8 2.8 1.1 1.5 12.8 14.4
14.5 3.1 3.1 1.3 1.8 13.9 16.1
15.3 3.1 3.3 1.1 1.9 15.1 17.2
15.8 3.3 3.5 1.2 2.0 16.0 18.0
17.8 4.0 3.5 1.4 1.7 20.5 21.2
19.0 4.0 3.7 1.3 1.7 21.1 22.4
19.6 4.3 3.8 1.3 1.8 21.9 23.3
20.2 4.5 3.9 1.3 1.8 23.3 24.4
21.1 5.7 4.5 1.4 1.4 27.5 27.4
21.5 5.8 4.6 1.8 1.4 31.1 28.0
23.4 6.2 4.9 1.5 1.3 31.0 30.2
24.9 6.5 5.1 1.6 1.3 33.1 32.0
ΔP (3-4) - 
Predicted (kPa)
ΔP (1-2) - 
Measured (kPa)
ΔP (1-2) - 
Predicted (kPa)
ΔP (2-4) - 
Measured (kPa)
ΔP (2-4) - 
Predicted (kPa)
ΔP (3-4) - 
Measured (kPa)
Mass Flow 
Rate (g/s)
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 In the same side configuration, the inlet and outlet are on the same side of the evaporator, as 
shown in figure 2.4. The fundamental mechanism and governing equations are identical to those for the 
opposite side flash gas bypass configuration, except that equation 3-2 is used as the convergence 
criterion. The pressure profile in the inlet and outlet header, along with the experimental measurements, 
is shown below: 
 
Figure 4.21: Pressure profile for FGB operation, same side configuration 
 
The superheat profile and mass flow rate profile is shown in figure 4.22. 
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Figure 4.22: Mass flow rate and superheat distribution for FGB operation, same side configuration 
 
 Due to the inlet and outlet being on the same side of the evaporator, it would be expected that 
the mass flow rate profile would be even more maldistributed in this instance. However, because the 
pressure drop through the inlet header is small compared with the pressure drop through the outlet 
header, the mass flow profile is not significantly different from the opposide side configuration profile. 
This fact is represented in the wall temperature profiles. In the experimental result, the infrared image is  
similar to the infrared image from the opposite side configuration. 
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Condition: Mref = 16.7 g/s Tref =  8.3 °C Tair = 35 °C ΔTsup = 15 °C 
 
 
Figure 4.23: Experimentally obtained Infrared image 
of evaporator surface temperatures for FGB 
operation, same side configuration 
 
 
Figure 4.24: Model predicted wall temperatures of 
evaporator surface for FGB operation, same side 
configuration 
 
The predicted results from the model compared with the experimental measured results are 
shown in the table below. 
Table 4.6: Experimentally measured vs. predicted values for same side – FGB configuration 
 
In this case, the pressure drop, cooling capacity and superheat are predicted well.  
7.7 4.7 26.4 7.5 4.7 1.7 1.6 19.8 20.9
8.8 7.2 26.0 7.7 5.9 1.9 1.8 15.4 17.3
10.2 9.6 25.5 8.5 7.4 2.1 2.0 9.3 8.5
10.8 10.5 25.1 8.2 8.0 2.1 2.0 1.5 0.0
15.3 6.7 35.2 16.6 15.3 3.3 3.2 19.6 19.3
16.7 8.3 35.0 17.8 16.7 3.5 3.3 14.1 6.1
17.7 9.5 35.0 18.8 17.7 3.6 3.3 5.0 0.0
18.5 10.0 35.1 20.2 18.6 3.7 3.3 0.2 0.0
17.2 4.3 40.7 21.3 20.3 3.7 3.8 27.9 29.1
18.7 6.3 40.7 22.3 21.9 3.9 3.9 19.2 17.5
20.0 7.8 40.7 24.8 23.2 4.1 3.9 12.3 5.4
21.1 8.9 40.6 26.1 24.2 4.2 3.9 2.3 0.0
Q - Predicted 
(kW)
Superheat - 
Measured (ºC)
Superheat - 
Predicted (ºC)
Evaporator Air Inlet 
Temperature (ºC)
Mass Flow Rate 
(g/s)
Evaporator Ref. Inlet 
Temperature (°C)
Overall ΔP - 
Measured (kPa)
Overall ΔP - 
Predicted (kPa)
Q - Measured 
(kW)
Evaporator Outlet 
Evaporator Inlet 
Evaporator Outlet 
Evaporator Inlet 
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Table 4.7: Detailed pressure drop measurements vs. predictions for same side configuration – FGB operation 
 
4.5 Same Side Configuration – Direct Expansion 
 
The predicted data compared to experimental data is shown in table 4.8. 
Table 4.8: Experimentally measured vs. predicted values for same side configuration – dx operation 
 
Compared with the opposite side – DX configuration, the superheat is predicted much more 
accurately. For every condition, the superheat prediction is within ±4 °C of the expected value. The mass 
flow rate profile appears to be correctly predicted for the entire set of data. The opposite side prediction 
was consistently overpredicted, due to the fact that even the high superheat, low flow rate case showed 
a large discrepancy in wall temperature prediction. In the same side configuration, the prediction of wall 
temperature for 9.8 g/s mass flow shows there is no discrepancy between the predicted compared to 
experimental result. This is shown in figures 4.25 and 4.26. 
7.7 2.9 1.2 1.9 1.1 5.0 4.7
8.8 3.9 1.5 1.9 1.4 6.2 5.8
10.2 3.1 2.0 1.9 1.9 7.0 7.3
10.8 2.7 2.2 1.9 2.1 7.3 7.9
15.3 3.5 2.4 2.3 2.3 14.4 15.2
16.7 4.1 2.6 2.4 2.4 16.2 16.6
17.7 3.7 2.7 2.3 2.5 17.1 17.5
18.5 3.7 2.8 2.4 2.6 18.2 18.5
17.2 3.2 2.6 2.3 2.4 18.4 20.1
18.7 3.8 2.8 2.3 2.6 21.8 21.4
20.0 3.2 2.9 2.4 2.7 22.5 23.0
21.1 3.9 3.0 2.4 2.7 24.1 24.0
Mass Flow 
Rate (g/s)
ΔP (3-4) - 
Predicted (kPa)
ΔP (1-2) - 
Measured (kPa)
ΔP (1-2) - 
Predicted (kPa)
ΔP (2-4) - 
Measured (kPa)
ΔP (2-4) - 
Predicted (kPa)
ΔP (3-4) - 
Measured (kPa)
9.8 5.0 25.9 7.6 7.2 1.7 1.7 18.7 20.4
11.1 7.4 25.3 8.7 8.7 1.9 1.9 14.4 16.5
12.6 9.4 25.0 10.0 10.7 2.1 2.0 8.0 8.5
13.4 9.8 25.3 10.9 11.5 2.1 2.1 2.9 6.1
20.1 7.8 35.1 26.1 24.7 3.4 3.3 16.9 21.3
21.4 8.7 35.1 27.8 26.8 3.5 3.4 11.8 15.2
22.2 9.1 35.1 29.6 28.5 3.5 3.5 4.8 11.3
23.6 10.0 35.0 32.7 30.8 3.3 3.5 0.0 3.4
24.4 9.4 40.8 34.1 33.6 3.9 3.9 19.4 23.1
25.8 10.8 40.6 40.0 35.6 4.0 3.9 14.2 16.0
26.9 11.7 40.7 41.5 37.5 4.0 4.0 10.1 10.5
27.9 12.3 40.8 44.1 39.3 4.0 4.0 3.3 6.1
Q - Predicted 
(kW)
Superheat - 
Measured (ºC)
Superheat - 
Predicted (ºC)
Evaporator Air Inlet 
Temperature (ºC)
Mass Flow Rate 
(g/s)
Evaporator 
Ref. Inlet 
Overall ΔP - 
Measured (kPa)
Overall ΔP - 
Predicted (kPa)
Q - Measured 
(kW)
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Condition: Mref = 9.8 g/s Tref =  5.0 °C Tair = 25 °C ΔTsup = 20 °C 
 
 
Figure 4.25: Experimentally obtained Infrared image 
of evaporator surface temperatures for FGB 
operation, same side configuration 
 
 
Figure 4.26: Model predicted wall temperatures of 
evaporator surface for FGB operation, same side 
configuration 
 
 Due to the good prediction of the wall temperatures for the low flow rate condition, it is 
expected that the model would work correctly for the higher flow rate conditions. In this case, a two-
phase multiplier for the inlet header, suggested for the opposite side case, would increase the superheat 
above the current predicted amounts.  
 
Evaporator Outlet 
Evaporator Inlet 
Evaporator Outlet 
Evaporator Inlet 
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Figure 4.27: Pressure profile for DX operation, same side configuration 
 
The same quality distribution profile is applied to the same side configuration as is applied to 
the opposite side configuration. This has a more drastic impact on the superheat profile, as well as 
changing the mass flow rate profile as well. The mass flow rate profile in the same side case looks much 
more similar to the FGB profile than the opposite side DX profile. The mass flow rate, inlet quality, and 
superheat distribution are shown below. 
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Figure 4.28: Mass flow rate, inlet quality, and superheat distribution for DX operation, opposite side configuration 
 
  
The effect of quality distribution is evident on the superheat profile. The superheat profile drops 
once the profile shifts from 0.7 to a low quality. The detailed pressure drop measurements are shown 
below. 
  
Table 4.9: Detailed pressure drop measurements vs. predictions for same side – dx configuration 
7.7 2.9 1.2 1.9 1.1 5.0 4.7
8.8 3.9 1.5 1.9 1.4 6.2 5.8
10.2 3.1 2.0 1.9 1.9 7.0 7.3
10.8 2.7 2.2 1.9 2.1 7.3 7.9
15.3 3.5 2.4 2.3 2.3 14.4 15.2
16.7 4.1 2.6 2.4 2.4 16.2 16.6
17.7 3.7 2.7 2.3 2.5 17.1 17.5
18.5 3.7 2.8 2.4 2.6 18.2 18.5
17.2 3.2 2.6 2.3 2.4 18.4 20.1
18.7 3.8 2.8 2.3 2.6 21.8 21.4
20.0 3.2 2.9 2.4 2.7 22.5 23.0
21.1 3.9 3.0 2.4 2.7 24.1 24.0
Mass Flow 
Rate (g/s)
ΔP (3-4) - 
Predicted (kPa)
ΔP (1-2) - 
Measured (kPa)
ΔP (1-2) - 
Predicted (kPa)
ΔP (2-4) - 
Measured (kPa)
ΔP (2-4) - 
Predicted (kPa)
ΔP (3-4) - 
Measured (kPa)
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Chapter 5: Maldistribution Model Comparison with Uniform Distribution 
Model 
 
In other published papers describing parallel microchannel heat exchanger models (Litch, 1999; 
Bullard, 2001), it is assumed that the mass flow rates along the parallel microchannel tubes are equal; in 
this paper, this will be referred to as the uniform distribution model. The maldistribution model and 
uniform distribution model are described in detail in figures 5.1 and 5.2 below. 
Saturated 
Refrigerant
Superheated 
Refrigerant
Model Input: Mair, 
Tair, Qualityref, 
Mref, Tref
Model Output: 
Qcooling, ΔTsuperheat, 
ΔP, Mref,tube
Mref,tube = 
f(ΔPflow path)
Air Input
Maldistribution Model 
Adiabatic Mixing of Two-
Phase Refrigerant with 
Superheat Refrigerant in 
Outlet Header
Refrigerant – 
Opposite Side Inlet 
Configuration
Refrigerant 
Outlet
Refrigerant – 
Same Side Inlet 
Configuration
Tubes closest to 
the outlet 
typically have 
only two phase 
refrigerant
 
Figure 5.1: Detailed description of maldistribution model 
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Saturated 
Refrigerant
Superheated 
Refrigerant
Model Input: Mair, 
Tair, Qualityref, 
Mref, Tref
Model Output: 
Qcooling, ΔTsuperheat, 
ΔP, Mref,tube
Mref,tube = 
Mref /#tubes 
Air Input
Uniform Distribution Model 
Refrigerant – 
Opposite Side Inlet
Refrigerant 
Outlet
Refrigerant – 
Same Side Inlet
 
Figure 5.2: Detailed description of uniform distribution model 
 
As described in section 4.2, maldistribution can be of such severity that the tubes closest to the outlet of 
the evaporator have saturated two-phase refrigerant entering the outlet header. Due to adiabatic 
mixing of the refrigerant in the outlet header, this causes the bulk overall superheat to fall significantly. 
Because all mass flow rates are the same in the uniform distribution model, the bulk overall superheat 
at the exit of the evaporator is not impacted by adiabatic mixing in the outlet header. The uniform 
distribution model is compared to the maldistribution model to determine the impact of assuming the 
same refrigerant mass flow rate through all microchannel tubes. 
 The maldistribution model was successfully validated in chapter 4 by comparing experimental 
results to model results. This was done by using the appropriate experimental data, described as “Model 
Input” in fig. 5.1, and running the maldistribution model. The model outputs were taken and then 
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compared to experimental data, and good agreement was attained. The uniform distribution model is 
now run with the same method.  
 For both inlet/outlet configurations in DX and FGB modes, the following graph shows the 
predicted vs. experimentally attained values of overall pressure drop. The values from the 
maldistribution model are shown to provide comparison. 
 
Figure 5.3: Predicted vs. experimentally attained values of pressure drop for uniform distribution and 
maldistribution model 
 Across all configurations and modes, the pressure drop in the uniform distribution case is 
consistently overpredicted by an average of 22%, whereas the maldistribution model very closely 
predicts experimental results with an average of 5% underprediction. This overprediction is due to the 
higher header pressure drop, calculated by equations 3-43 and 3-44. On average, there is a higher mass 
flux at each location in the outlet header when comparing the maldistribution model to the uniform 
distribution model, for the same total inlet mass flow rate. Next, the same comparison is made for 
cooling capacity prediction. 
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Figure 5.4: Predicted vs. experimentally attained values of cooling capacity for uniform distribution and 
maldistribution model 
  
The values of cooling capacity for both uniform distribution model and maldistribution model 
are similar. This result is expected because the area of the two-phase zone in both models is of similar 
size, with the two-phase zone in the maldistribution model being slightly smaller due to two-phase 
refrigerant entering the outlet header. As long as the zone is two-phase, it does not matter what the 
mass flow rates are through the tubes, due to most of the heat transfer resistance being on the air side. 
Nevertheless, because of the adiabatic mixing in the outlet header, some cooling capacity is lost in the 
maldistribution model. Thus, the cooling capacity prediction for the uniform distribution model is 
slightly higher.  
 The superheat prediction for all modes and configurations is shown below for the 
maldistribution model: 
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Figure 5.5: Predicted vs. experimentally attained values of superheat for DX and FGB modes for maldistribution 
model 
 The maldistribution model predicts superheat well in both the FGB and DX modes. However, the 
FGB mode appears to be better predicted than the DX mode; the majority of the overpredicted DX 
values are due to  the opposite side configuration being consistently overpredicted. This is described 
more in depth in section 4.3. Next, the predicted vs. expected values of superheat for the uniform 
distribution model are shown.  
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Figure 5.6: Predicted vs. experimentally attained values of superheat for DX and FGB modes for uniform 
distribution model 
 
 The overall superheat prediction is much worse for all cases and configurations for the uniform 
distribution model. This is due to disregarding the maldistribution of refrigerant, which causes adiabatic 
mixing of saturated refrigerant with superheated refrigerant in the outlet header. The few data points 
that are predicted within 5 °C are the cases where experimental infrared images indicate that little or no 
adiabatic mixing occurs in the outlet header. These cases are where the overall mass flow rate is very 
low, and the air temperature is 25 °C. The air temperature is also a limiting factor in the maximum 
amount of superheat that can be attained. 
 Typically, in modeling and designing an A/C system, evaporator models are used for the purpose 
of predicting mass flow rate at a required evaporator exit superheat. Assuming that the condensor and 
compressor of a vapor compression system are properly sized, an evaporator designer needs to size an 
evaporator so that the appropriate cooling capacity and superheat is attained, while minimizing 
pressure drop across the evaporator. For the system designer, it is extraordinarily important to correctly 
predict cooling capacity and superheat, as these two variables are necessary to size the evaporator 
properly. Brix (2009) used a similar approach, holding superheat at evaporator exit constant while 
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allowing mass flow rates to vary. Thus, to truly understand the impact of making the uniform refrigerant 
distribution assumption, the overall mass flow rate should be increased until the bulk superheat is the 
same as the maldistribution model prediction. All other inputs (Mair, Tair, Qualityref, Tref) are held constant.  
The pressure drop of the uniform distribution model is compared to the maldistribution model 
in figure 5.7 below. 
 
Figure 5.7: Pressure drop prediction for uniform distribution model compared to maldistribution model for same 
superheat 
 The pressure drop in the evaporator is highly overpredicted in both FGB and DX mode, due to 
very high outlet header pressure drops, in addition to higher tube pressure drops. Equation 3-43, which 
determines pressure drop in the outlet header, grows exponentially with increasing mass fluxes. The 
result of this is an overprediction of pressure drop by an average of 136%. One can see that the DX 
mode has the worst prediction of pressure drop, due to having the highest mass flow rates in the 
evaporator. The DX mode has the highest mass flow rates through the evaporator because vapor and 
liquid enters the evaporator, where in the FGB case, the vapor phase is separated out. The cooling 
capacity is compared for the uniform distribution and maldistribution models with identical superheat in 
figure 5.8. 
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Figure 5.8: Cooling capacity prediction for uniform distribution model compared to maldistribution model for same 
superheat 
 Figure 5.8 shows the importance of using the maldistribution model over the uniform 
distribution model. When the superheat is matched for the maldistribution and uniform distribution 
models, the cooling capacity is overpredicted by an average of 34%. Using the uniform distribution 
model to design an evaporator will cause the evaporator to be too small for the application – it is 
extremely important to use the maldistribution model, in order to correctly predict capacity and exit 
superheat. 
 The uniform distribution assumption is only adequate if the mass flow rate is known and a rough 
idea of cooling capacity and pressure drop is desired. It will consistently cause an overprediction of 
superheat at the exit of the evaporator, making it insufficient when designing a refrigeration system. 
Using the uniform distribution assumption to find the mass flow rate that will achieve the desired 
superheat will have disastrous results – the pressure drop and cooling capacity will be overpredicted 
beyond any reasonable use. In order to correctly predict pressure drop, cooling capacity, and superheat, 
it is necessary to calculate mass flow maldistribution among parallel microchannel tubes.  
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Chapter 6: Summary and Conclusions 
  
The model developed satisfactoraly predicts cooling capacity, pressure drop, and exit superheat. 
Compared with the uniform distribution model, the superheat is consistently better predicted. 
The model uses the kloss coefficient determined through experimental results for the opposite 
side FGB case. The sensitivity of the model to the kloaa  coefficient was conducted, and the kloss of 0.7 was 
determined based on good confirmation of experimental results. Developing a correlation for kloss based 
on header geometric parameters would allow the model to be used in a predictive fashion, rather than 
confirming experimental results. Work is being continued on the kloss coefficient determination. 
The superheat in the DX case is consistently overpredicted when the inlet and outlet are on 
opposite sides of the evaporator. This may be due to incorrect characterization of the inlet header 
pressure drop, which is increased over the FGB case due to the significantly higher density. 
Development of a two-phase pressure drop correlation for the inlet header pressure drop that is 
underway will improve the fidelity and generality of the model. 
Using the uniform distribution model gives acceptable accuracy in predicting superheat only in 
the case where all of the parallel tubes are superheated at their exits. This only occurred in the 25 °C 
data set for the two low flow rates, limiting the robustness of the uniform distribution model. As the 
superheat decreases, the error in superheat prediction of the uniform distribution model increases. 
 When the inlet mass flow rate of the evaporator is composed of saturated liquid, mass flow rate 
distribution is driven solely by the magnitude of microchannel tube pressure drop in relation to the 
magnitude of pressure drop through the inlet and outlet headers, respectively. In this case, 
maldistribution can be eliminated by decreasing the relative magnitude of the header pressure drops. 
 When the inlet mass flow rate of the evaporator is composed of two-phase saturated refrigerant, 
the vapor liquid splitting phenomenon influences mass flow rate distribution. Model and experimental 
results confirm that a large portion of vapor refrigerant enters the first available microchannel tubes, 
causing a large superheated zone close to the inlet. Further study would need to be done on how to 
promote a more uniform distribution of two phase flow. 
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Appendix A: Detailed Model Results 
 The following data are the detailed results for every case and configuration that was modeled. 
The data provided for each case are the following:  
 The pressure prediction corresponding to points P-1 through P-4  
 The outlet superheat prediction 
 The overall cooling capacity prediction 
 The model inputs provided for the specific case 
 The mass flow rate through each microchannel tube 
 The refrigerant pressure at the inlet of every microchannel tube 
 The pressure drop across the microchannel tube 
 The refrigerant pressure at the outlet of every microchannel tube 
 The inlet header pressure drop at each element 
 The outlet header pressure drop at each element 
 The outlet tube enthalpy at each microchannel tube 
 The inlet quality of each microchannel tube 
 The superheat or exit quality at each microchannel tube 
The data are presented in the following order. For every air temperature, there are four superheat cases: 
5 °C, 10 °C, 15 °C, 20 °C. 
1. Opposite Side Configuration – FGB 
a. Air Temperature = 25 °C 
b. Air Temperature = 35 °C 
c. Air Temperature = 40 °C 
2. Opposite Side Configuration – DX 
a. Air Temperature = 25 °C 
b. Air Temperature = 35 °C 
c. Air Temperature = 40 °C 
3. Same Side Configuration – FGB 
a. Air Temperature = 25 °C 
b. Air Temperature = 35 °C 
c. Air Temperature = 40 °C 
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4. Same Side Configuration – DX 
a. Air Temperature = 25 °C 
b. Air Temperature = 35 °C 
c. Air Temperature = 40 °C 
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Opposite Side – FGB 25 5 
 
 
Figure A.1: Evaporator surface IR image 
 
Figure A.2: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
420.6 418.1 413.0 419.1 0.6 2.1
420.6 418.6 413.0 420.5 5.1 2.0
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
13.3 0.2 10.4 25.9 443.2
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.257 420.6 2.048 418.6 0.000 0.000 268.8 0.001 23.1
2 0.260 420.6 2.041 418.6 0.007 0.001 268.9 0.001 23.2
3 0.256 420.6 2.035 418.6 0.007 0.002 268.9 0.001 23.2
4 0.260 420.6 2.030 418.5 0.006 0.003 268.9 0.001 23.2
5 0.260 420.6 2.027 418.5 0.006 0.004 268.9 0.001 23.2
6 0.255 420.6 2.026 418.5 0.006 0.006 268.9 0.001 23.3
7 0.266 420.6 2.027 418.5 0.005 0.009 268.7 0.001 23.0
8 0.256 420.6 2.030 418.5 0.005 0.011 268.9 0.001 23.2
9 0.265 420.6 2.037 418.5 0.005 0.014 268.8 0.001 23.1
10 0.262 420.5 2.047 418.5 0.005 0.018 268.9 0.001 23.2
11 0.262 420.5 2.060 418.5 0.004 0.022 268.9 0.001 23.2
12 0.267 420.5 2.078 418.5 0.004 0.026 268.7 0.001 23.0
13 0.261 420.5 2.100 418.4 0.004 0.030 268.9 0.001 23.2
14 0.265 420.5 2.127 418.4 0.003 0.035 268.8 0.001 23.1
15 0.271 420.5 2.159 418.4 0.003 0.041 268.5 0.001 22.7
16 0.276 420.5 2.197 418.3 0.003 0.047 268.4 0.001 22.6
17 0.282 420.5 2.241 418.3 0.003 0.053 268.3 0.001 22.3
18 0.279 420.5 2.292 418.2 0.002 0.060 268.4 0.001 22.5
19 0.286 420.5 2.349 418.2 0.002 0.067 268.0 0.001 22.0
20 0.290 420.5 2.415 418.1 0.002 0.075 267.9 0.001 21.8
21 0.295 420.5 2.488 418.0 0.002 0.084 267.8 0.001 21.7
22 0.303 420.5 2.571 417.9 0.002 0.093 267.2 0.001 20.9
23 0.307 420.5 2.663 417.8 0.001 0.103 267.1 0.001 20.8
24 0.317 420.5 2.765 417.7 0.001 0.114 266.5 0.001 20.0
25 0.322 420.5 2.878 417.6 0.001 0.126 266.2 0.001 19.6
26 0.334 420.5 3.003 417.5 0.001 0.138 265.3 0.001 18.3
27 0.341 420.5 3.140 417.4 0.001 0.152 264.9 0.001 17.8
28 0.355 420.5 3.291 417.2 0.001 0.166 263.5 0.001 15.9
29 0.364 420.5 3.457 417.0 0.000 0.182 262.3 0.001 14.4
30 0.374 420.5 3.638 416.9 0.000 0.199 258.9 0.001 1.0
31 0.397 420.5 3.837 416.7 0.000 0.218 252.5 0.001 0.9
32 0.429 420.5 4.055 416.5 0.000 0.239 241.0 0.001 0.9
33 0.466 420.5 4.293 416.2 0.000 0.263 228.3 0.001 0.8
34 0.530 420.5 4.556 415.9 0.000 0.000 209.3 0.001 0.7
Model Inputs
Detailed Model Results
Model Results
Experimental Results
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Opposite Side – FGB 25 10 
 
 
Figure A.3: Evaporator surface IR image 
 
Figure A.4: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
400.6 398.3 393.4 399.3 7.4 1.9
400.6 398.8 393.6 400.6 11.7 2.0
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
12.6 0.2 9.0 25.1 443.9
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.247 400.6 1.879 398.8 0.000 0.000 269.1 0.001 23.1
2 0.248 400.6 1.873 398.8 0.006 0.001 269.1 0.001 23.0
3 0.238 400.6 1.868 398.8 0.006 0.001 269.1 0.001 23.1
4 0.245 400.6 1.864 398.8 0.006 0.003 269.1 0.001 23.1
5 0.244 400.6 1.861 398.8 0.005 0.004 269.2 0.001 23.2
6 0.245 400.6 1.860 398.8 0.005 0.006 269.2 0.001 23.2
7 0.245 400.6 1.861 398.7 0.005 0.008 269.1 0.001 23.2
8 0.245 400.6 1.865 398.7 0.005 0.011 269.1 0.001 23.1
9 0.246 400.6 1.871 398.7 0.004 0.013 269.1 0.001 23.1
10 0.247 400.6 1.880 398.7 0.004 0.017 269.1 0.001 23.1
11 0.249 400.6 1.893 398.7 0.004 0.020 269.0 0.001 23.0
12 0.252 400.6 1.910 398.7 0.003 0.024 268.9 0.001 22.8
13 0.255 400.6 1.931 398.7 0.003 0.029 268.9 0.001 22.8
14 0.250 400.6 1.957 398.6 0.003 0.033 269.0 0.001 22.9
15 0.257 400.6 1.987 398.6 0.003 0.038 268.9 0.001 22.9
16 0.256 400.6 2.023 398.6 0.003 0.044 268.9 0.001 22.8
17 0.260 400.6 2.064 398.5 0.002 0.050 268.9 0.001 22.8
18 0.266 400.6 2.112 398.5 0.002 0.056 268.7 0.001 22.5
19 0.273 400.6 2.166 398.4 0.002 0.063 268.6 0.001 22.4
20 0.272 400.6 2.227 398.3 0.002 0.071 268.6 0.001 22.4
21 0.280 400.6 2.296 398.3 0.002 0.079 268.4 0.001 22.1
22 0.290 400.6 2.373 398.2 0.001 0.087 268.1 0.001 21.7
23 0.291 400.6 2.460 398.1 0.001 0.097 268.1 0.001 21.7
24 0.302 400.6 2.555 398.0 0.001 0.107 267.5 0.001 20.8
25 0.306 400.6 2.661 397.9 0.001 0.118 267.5 0.001 20.9
26 0.317 400.6 2.779 397.8 0.001 0.130 266.8 0.001 19.9
27 0.324 400.6 2.908 397.7 0.001 0.142 266.6 0.001 19.7
28 0.337 400.6 3.049 397.5 0.000 0.156 265.8 0.001 18.5
29 0.344 400.6 3.205 397.4 0.000 0.171 265.3 0.001 17.8
30 0.355 400.6 3.376 397.2 0.000 0.187 264.5 0.001 16.8
31 0.372 400.6 3.562 397.0 0.000 0.204 262.9 0.001 14.6
32 0.385 400.6 3.766 396.8 0.000 0.223 261.0 0.001 12.1
33 0.407 400.6 3.989 396.6 0.000 0.244 254.1 0.001 1.0
34 0.426 400.6 4.233 396.3 0.000 0.000 247.7 0.001 0.9
Model Inputs
Detailed Model Results
Model Results
Experimental Results
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Opposite Side – FGB 25 15 
 
 
Figure A.5: Evaporator surface IR image 
 
Figure A.6: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
374.0 371.7 367.7 372.7 14.5 1.8
374.0 372.5 368.3 373.9 17.2 1.8
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
11.0 0.2 6.9 25.5 443.2
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.216 374.0 1.451 372.5 0.000 0.000 270.5 0.001 24.1
2 0.213 374.0 1.447 372.5 0.005 0.001 270.6 0.001 24.2
3 0.214 374.0 1.442 372.5 0.005 0.001 270.5 0.001 24.2
4 0.214 374.0 1.439 372.5 0.005 0.002 270.6 0.001 24.2
5 0.213 374.0 1.437 372.5 0.004 0.003 270.6 0.001 24.2
6 0.213 374.0 1.436 372.5 0.004 0.005 270.6 0.001 24.2
7 0.213 373.9 1.437 372.5 0.004 0.007 270.6 0.001 24.2
8 0.214 373.9 1.440 372.5 0.004 0.009 270.6 0.001 24.2
9 0.215 373.9 1.446 372.5 0.003 0.011 270.5 0.001 24.2
10 0.217 373.9 1.453 372.5 0.003 0.014 270.5 0.001 24.1
11 0.218 373.9 1.464 372.5 0.003 0.017 270.5 0.001 24.1
12 0.221 373.9 1.478 372.5 0.003 0.020 270.6 0.001 24.2
13 0.224 373.9 1.495 372.4 0.003 0.023 270.6 0.001 24.3
14 0.220 373.9 1.516 372.4 0.002 0.027 270.5 0.001 24.2
15 0.222 373.9 1.541 372.4 0.002 0.031 270.6 0.001 24.2
16 0.225 373.9 1.570 372.4 0.002 0.036 270.6 0.001 24.3
17 0.230 373.9 1.604 372.3 0.002 0.041 270.6 0.001 24.2
18 0.236 373.9 1.643 372.3 0.002 0.046 270.4 0.001 24.0
19 0.236 373.9 1.687 372.2 0.002 0.052 270.4 0.001 24.0
20 0.241 373.9 1.737 372.2 0.001 0.058 270.5 0.001 24.1
21 0.245 373.9 1.794 372.1 0.001 0.064 270.5 0.001 24.1
22 0.254 373.9 1.857 372.1 0.001 0.072 270.3 0.001 23.8
23 0.257 373.9 1.928 372.0 0.001 0.079 270.3 0.001 23.9
24 0.264 373.9 2.006 371.9 0.001 0.088 270.3 0.001 23.8
25 0.277 373.9 2.093 371.8 0.001 0.097 270.1 0.001 23.6
26 0.279 373.9 2.189 371.7 0.001 0.107 270.1 0.001 23.5
27 0.292 373.9 2.296 371.6 0.000 0.117 269.7 0.001 23.0
28 0.297 373.9 2.412 371.5 0.000 0.129 269.8 0.001 23.1
29 0.310 373.9 2.541 371.4 0.000 0.141 269.3 0.001 22.4
30 0.317 373.9 2.682 371.2 0.000 0.155 269.3 0.001 22.4
31 0.333 373.9 2.836 371.1 0.000 0.169 268.8 0.001 21.7
32 0.340 373.9 3.005 370.9 0.000 0.185 268.5 0.001 21.3
33 0.352 373.9 3.190 370.7 0.000 0.202 268.0 0.001 20.7
34 0.370 373.9 3.392 370.5 0.000 0.000 267.1 0.001 19.4
Model Inputs
Detailed Model Results
Model Results
Experimental Results
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Opposite Side – FGB 25 20 
 
Figure A.7: Evaporator surface IR image Figure A.8: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
334.6 332.6 329.4 333.6 19.9 1.5
334.6 333.5 330.5 334.5 21.0 1.5
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
9.0 0.2 3.7 25.7 442.2
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.171 334.6 1.050 333.5 0.000 0.000 270.7 0.001 23.5
2 0.172 334.6 1.046 333.5 0.003 0.000 270.8 0.001 23.6
3 0.172 334.6 1.043 333.5 0.003 0.001 270.8 0.001 23.6
4 0.172 334.5 1.041 333.5 0.003 0.002 270.8 0.001 23.5
5 0.172 334.5 1.040 333.5 0.003 0.002 270.8 0.001 23.5
6 0.172 334.5 1.039 333.5 0.003 0.004 270.8 0.001 23.5
7 0.172 334.5 1.040 333.5 0.003 0.005 270.8 0.001 23.5
8 0.172 334.5 1.042 333.5 0.003 0.006 270.8 0.001 23.5
9 0.172 334.5 1.046 333.5 0.002 0.008 270.8 0.001 23.5
10 0.172 334.5 1.052 333.5 0.002 0.010 270.9 0.001 23.7
11 0.173 334.5 1.059 333.5 0.002 0.012 271.0 0.001 23.8
12 0.174 334.5 1.069 333.5 0.002 0.014 271.3 0.001 24.1
13 0.173 334.5 1.082 333.4 0.002 0.017 271.1 0.001 23.9
14 0.176 334.5 1.096 333.4 0.002 0.019 271.4 0.001 24.4
15 0.178 334.5 1.114 333.4 0.002 0.022 271.5 0.001 24.5
16 0.182 334.5 1.135 333.4 0.001 0.025 271.6 0.001 24.5
17 0.186 334.5 1.159 333.4 0.001 0.029 271.5 0.001 24.4
18 0.192 334.5 1.187 333.3 0.001 0.033 271.4 0.001 24.3
19 0.193 334.5 1.218 333.3 0.001 0.037 271.4 0.001 24.3
20 0.195 334.5 1.254 333.3 0.001 0.041 271.6 0.001 24.5
21 0.199 334.5 1.295 333.2 0.001 0.046 271.8 0.001 24.7
22 0.207 334.5 1.340 333.2 0.001 0.051 271.7 0.001 24.7
23 0.213 334.5 1.391 333.1 0.001 0.057 271.6 0.001 24.5
24 0.217 334.5 1.448 333.1 0.001 0.063 271.7 0.001 24.6
25 0.223 334.5 1.510 333.0 0.001 0.070 271.8 0.001 24.8
26 0.235 334.5 1.580 332.9 0.000 0.077 271.6 0.001 24.5
27 0.238 334.5 1.657 332.9 0.000 0.085 271.7 0.001 24.6
28 0.247 334.5 1.742 332.8 0.000 0.094 271.7 0.001 24.6
29 0.261 334.5 1.835 332.7 0.000 0.103 271.7 0.001 24.5
30 0.262 334.5 1.938 332.6 0.000 0.113 271.7 0.001 24.5
31 0.276 334.5 2.051 332.5 0.000 0.124 271.5 0.001 24.2
32 0.283 334.5 2.175 332.3 0.000 0.136 271.5 0.001 24.3
33 0.298 334.5 2.310 332.2 0.000 0.149 271.3 0.001 23.9
34 0.305 334.5 2.459 332.1 0.000 0.000 271.2 0.001 23.9
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Figure A.9: Evaporator surface IR image 
 
Figure A.10: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
406.9 404.0 388.8 405.7 0.0 3.5
406.9 404.1 388.5 406.5 0.0 3.4
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
23.3 0.2 9.4 35.6 440.7
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.395 406.9 2.775 404.1 0.000 0.000 277.9 0.001 32.6
2 0.387 406.8 2.754 404.1 0.022 0.002 278.2 0.001 32.9
3 0.387 406.8 2.735 404.1 0.021 0.004 278.2 0.001 32.9
4 0.388 406.8 2.719 404.1 0.020 0.007 278.2 0.001 32.9
5 0.380 406.8 2.707 404.1 0.019 0.010 278.4 0.001 33.2
6 0.383 406.8 2.699 404.1 0.018 0.015 278.3 0.001 33.1
7 0.385 406.7 2.697 404.0 0.017 0.020 278.2 0.001 33.0
8 0.379 406.7 2.700 404.0 0.016 0.026 278.4 0.001 33.2
9 0.387 406.7 2.711 404.0 0.015 0.033 278.2 0.001 32.9
10 0.387 406.7 2.729 404.0 0.015 0.041 278.2 0.001 32.9
11 0.392 406.7 2.756 403.9 0.014 0.050 278.0 0.001 32.7
12 0.394 406.7 2.793 403.9 0.013 0.059 277.9 0.001 32.6
13 0.396 406.7 2.839 403.8 0.012 0.070 278.0 0.001 32.6
14 0.398 406.6 2.897 403.7 0.012 0.081 278.0 0.001 32.7
15 0.406 406.6 2.967 403.7 0.011 0.094 277.9 0.001 32.5
16 0.416 406.6 3.051 403.6 0.010 0.108 277.5 0.001 32.0
17 0.429 406.6 3.149 403.5 0.010 0.123 277.3 0.001 31.8
18 0.428 406.6 3.263 403.3 0.009 0.139 277.3 0.001 31.8
19 0.446 406.6 3.393 403.2 0.009 0.157 276.6 0.001 30.8
20 0.453 406.6 3.542 403.0 0.008 0.177 276.6 0.001 30.7
21 0.473 406.6 3.712 402.9 0.007 0.198 275.6 0.001 29.5
22 0.485 406.6 3.904 402.7 0.006 0.221 275.4 0.001 29.2
23 0.511 406.6 4.119 402.5 0.006 0.248 274.1 0.001 27.6
24 0.525 406.6 4.362 402.2 0.005 0.276 273.1 0.001 26.2
25 0.544 406.6 4.633 401.9 0.004 0.307 272.1 0.001 24.9
26 0.573 406.6 4.936 401.6 0.004 0.341 270.0 0.001 22.1
27 0.591 406.6 5.274 401.3 0.003 0.379 268.5 0.001 20.2
28 0.619 406.6 5.650 400.9 0.003 0.420 265.8 0.001 16.7
29 0.650 406.5 6.068 400.5 0.002 0.466 258.6 0.001 1.0
30 0.710 406.5 6.533 400.0 0.002 0.519 245.6 0.001 0.9
31 0.808 406.5 7.051 399.5 0.001 0.583 224.8 0.001 0.8
32 0.952 406.5 7.633 398.9 0.001 0.663 201.0 0.001 0.7
33 1.140 406.5 8.296 398.2 0.000 0.766 178.5 0.001 0.6
34 1.398 406.5 9.061 397.5 0.000 0.000 157.5 0.001 0.5
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Figure A.11: Evaporator surface IR image Figure A.12: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
396.8 394.0 379.2 395.5 3.5 3.4
396.8 394.2 379.2 396.6 4.6 3.4
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
22.4 0.2 8.7 35.5 440.6
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.392 396.8 2.679 394.2 0.000 0.000 278.4 0.001 33.0
2 0.380 396.8 2.659 394.2 0.020 0.002 278.6 0.001 33.2
3 0.378 396.8 2.642 394.2 0.019 0.004 278.6 0.001 33.2
4 0.377 396.8 2.628 394.2 0.018 0.007 278.5 0.001 33.1
5 0.379 396.8 2.617 394.1 0.017 0.010 278.6 0.001 33.2
6 0.381 396.7 2.611 394.1 0.016 0.015 278.6 0.001 33.2
7 0.378 396.7 2.610 394.1 0.016 0.020 278.5 0.001 33.1
8 0.381 396.7 2.615 394.1 0.015 0.026 278.6 0.001 33.2
9 0.378 396.7 2.627 394.1 0.014 0.033 278.5 0.001 33.1
10 0.378 396.7 2.646 394.0 0.013 0.041 278.6 0.001 33.2
11 0.380 396.7 2.674 394.0 0.013 0.049 278.6 0.001 33.2
12 0.382 396.7 2.712 394.0 0.012 0.059 278.6 0.001 33.2
13 0.387 396.7 2.758 393.9 0.012 0.069 278.5 0.001 33.1
14 0.393 396.6 2.817 393.8 0.011 0.080 278.4 0.001 32.9
15 0.401 396.6 2.887 393.7 0.010 0.093 278.1 0.001 32.6
16 0.406 396.6 2.971 393.7 0.009 0.106 278.1 0.001 32.5
17 0.412 396.6 3.068 393.5 0.009 0.121 278.0 0.001 32.5
18 0.424 396.6 3.182 393.4 0.008 0.137 277.7 0.001 32.0
19 0.433 396.6 3.312 393.3 0.007 0.155 277.4 0.001 31.7
20 0.446 396.6 3.460 393.1 0.007 0.174 277.2 0.001 31.3
21 0.460 396.6 3.628 393.0 0.006 0.195 276.6 0.001 30.6
22 0.477 396.6 3.817 392.8 0.006 0.218 276.1 0.001 29.9
23 0.491 396.6 4.031 392.5 0.005 0.244 275.6 0.001 29.2
24 0.514 396.6 4.270 392.3 0.004 0.271 274.3 0.001 27.5
25 0.535 396.6 4.537 392.0 0.004 0.302 273.3 0.001 26.2
26 0.556 396.6 4.836 391.7 0.003 0.336 272.1 0.001 24.7
27 0.580 396.6 5.169 391.4 0.003 0.373 270.4 0.001 22.4
28 0.607 396.6 5.539 391.0 0.002 0.413 268.2 0.001 19.6
29 0.637 396.6 5.950 390.6 0.002 0.459 265.2 0.001 15.7
30 0.671 396.6 6.408 390.1 0.001 0.509 257.4 0.001 1.0
31 0.738 396.6 6.915 389.6 0.001 0.567 242.7 0.001 0.9
32 0.851 396.6 7.482 389.1 0.001 0.638 220.1 0.001 0.8
33 1.010 396.6 8.120 388.4 0.000 0.729 195.6 0.001 0.7
34 1.225 396.6 8.848 387.7 0.000 0.000 172.5 0.001 0.5
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Figure A.13: Evaporator surface IR image Figure A.14: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
384.4 381.7 368.0 383.1 14.0 3.3
384.4 381.9 368.0 384.2 14.3 3.3
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
21.1 0.2 7.7 35.6 440.3
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.367 384.4 2.538 381.9 0.000 0.000 279.2 0.001 33.7
2 0.366 384.4 2.520 381.9 0.018 0.002 279.2 0.001 33.7
3 0.364 384.4 2.505 381.9 0.017 0.003 279.2 0.001 33.7
4 0.364 384.4 2.492 381.9 0.016 0.006 279.2 0.001 33.7
5 0.371 384.3 2.483 381.9 0.015 0.010 279.2 0.001 33.7
6 0.363 384.3 2.478 381.9 0.015 0.014 279.1 0.001 33.7
7 0.363 384.3 2.479 381.8 0.014 0.019 279.2 0.001 33.7
8 0.363 384.3 2.484 381.8 0.013 0.025 279.2 0.001 33.7
9 0.365 384.3 2.497 381.8 0.012 0.031 279.2 0.001 33.7
10 0.365 384.3 2.516 381.8 0.012 0.039 279.2 0.001 33.7
11 0.367 384.3 2.544 381.7 0.011 0.047 279.2 0.001 33.7
12 0.370 384.3 2.580 381.7 0.010 0.056 279.2 0.001 33.7
13 0.375 384.3 2.626 381.6 0.010 0.066 279.1 0.001 33.6
14 0.381 384.2 2.682 381.6 0.009 0.077 278.9 0.001 33.4
15 0.390 384.2 2.751 381.5 0.009 0.089 278.7 0.001 33.0
16 0.389 384.2 2.831 381.4 0.008 0.102 278.7 0.001 33.1
17 0.398 384.2 2.926 381.3 0.007 0.116 278.7 0.001 33.1
18 0.410 384.2 3.035 381.2 0.007 0.132 278.5 0.001 32.7
19 0.425 384.2 3.160 381.0 0.006 0.149 278.2 0.001 32.4
20 0.430 384.2 3.303 380.9 0.006 0.167 278.1 0.001 32.2
21 0.436 384.2 3.465 380.7 0.005 0.187 277.9 0.001 32.0
22 0.459 384.2 3.647 380.5 0.004 0.209 277.3 0.001 31.2
23 0.482 384.2 3.852 380.3 0.004 0.234 276.6 0.001 30.2
24 0.496 384.2 4.082 380.1 0.004 0.260 276.0 0.001 29.4
25 0.513 384.2 4.339 379.8 0.003 0.290 275.4 0.001 28.6
26 0.535 384.2 4.626 379.5 0.003 0.322 274.3 0.001 27.2
27 0.558 384.2 4.946 379.2 0.002 0.357 272.8 0.001 25.3
28 0.600 384.2 5.301 378.9 0.002 0.397 270.2 0.001 21.8
29 0.617 384.2 5.697 378.5 0.001 0.441 268.5 0.001 19.6
30 0.636 384.2 6.136 378.0 0.001 0.488 267.0 0.001 17.7
31 0.690 384.2 6.624 377.5 0.001 0.542 257.5 0.001 1.0
32 0.726 384.2 7.165 377.0 0.000 0.603 250.2 0.001 0.9
33 0.841 384.2 7.768 376.4 0.000 0.676 226.3 0.001 0.8
34 0.996 384.2 8.444 375.7 0.000 0.000 201.1 0.001 0.7
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Figure A.15: Evaporator surface IR image Figure A.16: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
362.0 359.4 347.2 360.8 20.7 3.1
362.0 359.8 347.4 361.8 25.0 3.2
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
19.3 0.2 6.0 35.6 439.7
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.342 362.0 2.245 359.8 0.000 0.000 280.0 0.001 34.2
2 0.340 362.0 2.231 359.8 0.015 0.001 280.0 0.001 34.3
3 0.339 362.0 2.218 359.8 0.014 0.003 280.0 0.001 34.3
4 0.338 362.0 2.208 359.8 0.014 0.006 280.1 0.001 34.3
5 0.337 362.0 2.200 359.8 0.013 0.009 280.1 0.001 34.3
6 0.337 362.0 2.197 359.8 0.012 0.013 280.1 0.001 34.3
7 0.337 361.9 2.198 359.8 0.012 0.017 280.1 0.001 34.3
8 0.337 361.9 2.204 359.7 0.011 0.022 280.1 0.001 34.3
9 0.339 361.9 2.217 359.7 0.010 0.028 280.0 0.001 34.3
10 0.341 361.9 2.234 359.7 0.011 0.035 280.0 0.001 34.3
11 0.344 361.9 2.260 359.6 0.009 0.043 280.0 0.001 34.2
12 0.348 361.9 2.294 359.6 0.009 0.051 279.9 0.001 34.1
13 0.352 361.9 2.337 359.6 0.008 0.060 279.8 0.001 34.0
14 0.358 361.9 2.390 359.5 0.008 0.070 279.9 0.001 34.1
15 0.356 361.9 2.453 359.4 0.007 0.081 279.9 0.001 34.0
16 0.363 361.9 2.528 359.3 0.007 0.093 279.9 0.001 34.0
17 0.371 361.9 2.615 359.2 0.006 0.106 279.7 0.001 33.8
18 0.386 361.9 2.716 359.1 0.006 0.121 279.5 0.001 33.6
19 0.385 361.9 2.831 359.0 0.005 0.136 279.5 0.001 33.6
20 0.397 361.8 2.963 358.9 0.005 0.153 279.4 0.001 33.4
21 0.414 361.8 3.111 358.7 0.004 0.171 279.1 0.001 32.9
22 0.421 361.8 3.279 358.6 0.004 0.191 279.0 0.001 32.9
23 0.441 361.8 3.467 358.4 0.003 0.213 278.5 0.001 32.1
24 0.452 361.8 3.677 358.2 0.003 0.237 278.4 0.001 32.1
25 0.476 361.8 3.912 357.9 0.003 0.264 277.7 0.001 31.2
26 0.495 361.8 4.173 357.7 0.002 0.293 277.1 0.001 30.3
27 0.514 361.8 4.465 357.4 0.002 0.325 276.5 0.001 29.6
28 0.537 361.8 4.789 357.0 0.001 0.360 275.6 0.001 28.3
29 0.564 361.8 5.148 356.7 0.001 0.399 274.2 0.001 26.5
30 0.589 361.8 5.546 356.3 0.001 0.442 272.7 0.001 24.5
31 0.634 361.8 5.988 355.8 0.001 0.491 271.4 0.001 22.8
32 0.664 361.8 6.479 355.3 0.000 0.545 267.5 0.001 17.7
33 0.693 361.8 7.024 354.8 0.000 0.605 264.6 0.001 14.0
34 0.735 361.8 7.628 354.2 0.000 0.000 255.8 0.001 1.0
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Figure A.17: Evaporator surface IR image Figure A.18: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
387.2 384.2 363.0 385.9 4.8 4.0
387.2 384.3 363.6 386.8 5.5 4.0
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
28.9 0.3 8.0 40.6 438.1
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.420 387.2 2.964 384.3 0.000 0.001 283.3 0.001 38.2
2 0.450 387.2 2.937 384.3 0.028 0.002 282.9 0.001 37.5
3 0.427 387.2 2.913 384.3 0.026 0.005 283.3 0.001 38.1
4 0.423 387.2 2.893 384.3 0.025 0.009 283.2 0.001 38.1
5 0.422 387.1 2.877 384.3 0.024 0.013 283.3 0.001 38.1
6 0.421 387.1 2.867 384.2 0.023 0.019 283.3 0.001 38.1
7 0.420 387.1 2.864 384.2 0.022 0.026 283.3 0.001 38.2
8 0.421 387.1 2.869 384.2 0.021 0.033 283.3 0.001 38.1
9 0.423 387.0 2.883 384.2 0.020 0.042 283.3 0.001 38.1
10 0.424 387.0 2.906 384.1 0.019 0.052 283.2 0.001 38.0
11 0.433 387.0 2.940 384.1 0.018 0.063 283.3 0.001 38.1
12 0.427 387.0 2.986 384.0 0.017 0.075 283.3 0.001 38.1
13 0.431 387.0 3.046 383.9 0.016 0.089 283.3 0.001 38.1
14 0.439 387.0 3.119 383.8 0.015 0.103 283.2 0.001 38.0
15 0.450 386.9 3.208 383.7 0.014 0.119 282.9 0.001 37.6
16 0.456 386.9 3.314 383.6 0.013 0.137 282.7 0.001 37.3
17 0.466 386.9 3.438 383.5 0.012 0.156 282.7 0.001 37.3
18 0.483 386.9 3.582 383.3 0.012 0.177 282.2 0.001 36.7
19 0.493 386.9 3.749 383.1 0.011 0.200 282.0 0.001 36.4
20 0.512 386.9 3.939 382.9 0.010 0.226 281.5 0.001 35.7
21 0.528 386.9 4.156 382.7 0.009 0.254 281.1 0.001 35.2
22 0.554 386.9 4.401 382.5 0.008 0.285 280.0 0.001 33.8
23 0.572 386.9 4.678 382.2 0.007 0.319 279.6 0.001 33.2
24 0.595 386.9 4.990 381.9 0.007 0.356 278.5 0.001 31.9
25 0.624 386.8 5.341 381.5 0.006 0.398 277.0 0.001 29.9
26 0.657 386.8 5.734 381.1 0.005 0.444 275.0 0.001 27.3
27 0.695 386.8 6.173 380.7 0.004 0.496 272.5 0.001 24.1
28 0.719 386.8 6.666 380.2 0.004 0.553 270.3 0.001 21.3
29 0.762 386.8 7.215 379.6 0.003 0.616 266.7 0.001 16.8
30 0.806 386.8 7.829 379.0 0.002 0.688 257.9 0.001 1.0
31 0.897 386.8 8.515 378.3 0.002 0.772 241.0 0.001 0.9
32 1.053 386.8 9.286 377.5 0.001 0.877 215.5 0.001 0.8
33 1.277 386.8 10.160 376.7 0.001 1.013 188.7 0.001 0.6
34 1.579 386.8 11.170 375.7 0.000 0.000 164.6 0.001 0.5
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Figure A.19: Evaporator surface IR image Figure A.20: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
383.0 380.0 359.3 381.7 7.3 4.0
383.0 380.0 359.6 382.6 7.9 4.0
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
28.6 0.3 7.6 40.5 438.2
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.428 383.0 2.959 380.0 0.000 0.001 283.3 0.001 38.1
2 0.425 383.0 2.932 380.0 0.027 0.002 283.3 0.001 38.1
3 0.423 383.0 2.909 380.0 0.026 0.005 283.4 0.001 38.2
4 0.420 382.9 2.889 380.0 0.025 0.008 283.5 0.001 38.3
5 0.418 382.9 2.874 380.0 0.024 0.013 283.5 0.001 38.3
6 0.416 382.9 2.864 380.0 0.022 0.019 283.6 0.001 38.4
7 0.417 382.9 2.861 380.0 0.021 0.025 283.5 0.001 38.3
8 0.417 382.8 2.866 380.0 0.020 0.033 283.5 0.001 38.3
9 0.419 382.8 2.880 379.9 0.019 0.042 283.5 0.001 38.3
10 0.421 382.8 2.903 379.9 0.018 0.051 283.4 0.001 38.2
11 0.426 382.8 2.937 379.8 0.018 0.062 283.3 0.001 38.0
12 0.425 382.8 2.982 379.8 0.017 0.074 283.3 0.001 38.1
13 0.430 382.8 3.041 379.7 0.016 0.088 283.3 0.001 38.1
14 0.436 382.7 3.114 379.6 0.015 0.102 283.3 0.001 38.1
15 0.445 382.7 3.202 379.5 0.014 0.118 283.2 0.001 37.8
16 0.458 382.7 3.307 379.4 0.013 0.136 282.8 0.001 37.3
17 0.461 382.7 3.431 379.3 0.012 0.155 282.7 0.001 37.2
18 0.478 382.7 3.574 379.1 0.011 0.176 282.5 0.001 37.0
19 0.492 382.7 3.739 378.9 0.010 0.199 282.1 0.001 36.4
20 0.507 382.7 3.928 378.7 0.010 0.224 281.9 0.001 36.1
21 0.533 382.7 4.143 378.5 0.009 0.252 281.1 0.001 35.1
22 0.547 382.6 4.388 378.3 0.008 0.283 280.6 0.001 34.5
23 0.567 382.6 4.663 378.0 0.007 0.317 279.9 0.001 33.6
24 0.599 382.6 4.974 377.7 0.006 0.355 278.5 0.001 31.8
25 0.625 382.6 5.323 377.3 0.006 0.396 277.1 0.001 29.8
26 0.653 382.6 5.714 376.9 0.005 0.443 275.6 0.001 27.9
27 0.705 382.6 6.153 376.5 0.004 0.495 272.2 0.001 23.6
28 0.723 382.6 6.644 376.0 0.003 0.553 270.5 0.001 21.4
29 0.765 382.6 7.194 375.4 0.003 0.617 266.8 0.001 16.8
30 0.800 382.6 7.809 374.8 0.002 0.688 259.3 0.001 1.0
31 0.871 382.6 8.496 374.1 0.002 0.770 247.1 0.001 0.9
32 1.018 382.6 9.265 373.3 0.001 0.872 221.7 0.001 0.8
33 1.229 382.6 10.140 372.5 0.001 1.004 194.4 0.001 0.7
34 1.514 382.6 11.140 371.5 0.000 0.000 169.5 0.001 0.5
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Figure A.21: Evaporator surface IR image 
 
Figure A.22: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
374.9 371.9 351.7 373.5 14.6 4.0
374.9 372.0 352.2 374.6 13.7 3.9
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
27.7 0.3 7.0 40.6 438.0
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.418 374.9 2.925 372.0 0.000 0.001 283.8 0.001 38.5
2 0.416 374.9 2.901 372.0 0.025 0.002 283.9 0.001 38.6
3 0.413 374.9 2.878 372.0 0.024 0.005 283.9 0.001 38.7
4 0.413 374.9 2.860 372.0 0.023 0.008 283.9 0.001 38.7
5 0.410 374.8 2.846 372.0 0.022 0.013 284.0 0.001 38.7
6 0.411 374.8 2.837 372.0 0.021 0.018 284.0 0.001 38.7
7 0.409 374.8 2.835 372.0 0.020 0.025 284.0 0.001 38.7
8 0.408 374.8 2.841 371.9 0.019 0.032 284.0 0.001 38.7
9 0.411 374.7 2.855 371.9 0.018 0.041 284.0 0.001 38.7
10 0.414 374.7 2.879 371.9 0.017 0.051 283.9 0.001 38.6
11 0.424 374.7 2.913 371.8 0.016 0.061 283.7 0.001 38.4
12 0.422 374.7 2.959 371.7 0.016 0.073 283.8 0.001 38.4
13 0.429 374.7 3.017 371.7 0.015 0.087 283.6 0.001 38.2
14 0.409 374.7 3.090 371.6 0.014 0.100 284.0 0.001 38.7
15 0.439 374.7 3.177 371.5 0.014 0.116 283.5 0.001 38.1
16 0.452 374.6 3.281 371.4 0.012 0.133 283.4 0.001 37.9
17 0.459 374.6 3.403 371.2 0.011 0.152 283.2 0.001 37.6
18 0.472 374.6 3.544 371.1 0.011 0.173 282.9 0.001 37.3
19 0.485 374.6 3.708 370.9 0.010 0.196 282.7 0.001 37.0
20 0.505 374.6 3.895 370.7 0.009 0.221 282.2 0.001 36.3
21 0.519 374.6 4.108 370.5 0.008 0.249 281.9 0.001 35.9
22 0.540 374.6 4.350 370.2 0.007 0.279 281.2 0.001 35.0
23 0.564 374.6 4.623 370.0 0.007 0.313 280.3 0.001 33.9
24 0.588 374.6 4.930 369.6 0.006 0.351 279.5 0.001 32.8
25 0.612 374.6 5.276 369.3 0.005 0.392 278.5 0.001 31.5
26 0.642 374.6 5.663 368.9 0.004 0.437 276.9 0.001 29.4
27 0.669 374.6 6.096 368.5 0.004 0.488 275.2 0.001 27.3
28 0.711 374.6 6.581 368.0 0.003 0.544 272.5 0.001 23.7
29 0.751 374.6 7.123 367.4 0.002 0.607 269.4 0.001 19.8
30 0.786 374.6 7.728 366.8 0.002 0.678 268.2 0.001 18.3
31 0.838 374.6 8.404 366.2 0.001 0.757 255.9 0.001 1.0
32 0.945 374.6 9.160 365.4 0.001 0.851 236.3 0.001 0.9
33 1.117 374.6 10.010 364.5 0.000 0.971 209.9 0.001 0.7
34 1.371 374.6 10.980 363.6 0.000 0.000 182.4 0.001 0.6
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Figure A.23: Evaporator surface IR image Figure A.24: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
353.3 350.4 331.6 352.2 21.2 3.7
353.3 350.5 332.4 352.9 24.8 3.8
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
25.7 0.3 5.3 40.6 437.5
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.393 353.3 2.721 350.5 0.000 0.000 284.6 0.001 39.0
2 0.391 353.2 2.700 350.5 0.022 0.002 284.6 0.001 39.0
3 0.389 353.2 2.680 350.5 0.021 0.004 284.6 0.001 39.0
4 0.405 353.2 2.664 350.5 0.020 0.008 284.4 0.001 38.8
5 0.388 353.2 2.653 350.5 0.019 0.012 284.6 0.001 39.0
6 0.387 353.2 2.647 350.5 0.018 0.017 284.6 0.001 39.0
7 0.387 353.1 2.647 350.5 0.017 0.024 284.6 0.001 39.0
8 0.388 353.1 2.654 350.5 0.017 0.031 284.6 0.001 39.0
9 0.388 353.1 2.669 350.4 0.016 0.039 284.6 0.001 39.0
10 0.391 353.1 2.693 350.4 0.015 0.048 284.6 0.001 39.0
11 0.393 353.1 2.727 350.4 0.014 0.058 284.6 0.001 39.0
12 0.396 353.1 2.772 350.3 0.013 0.069 284.5 0.001 39.0
13 0.402 353.1 2.828 350.2 0.013 0.082 284.5 0.001 38.9
14 0.411 353.0 2.899 350.1 0.012 0.096 284.3 0.001 38.7
15 0.421 353.0 2.983 350.0 0.011 0.111 284.2 0.001 38.5
16 0.423 353.0 3.084 349.9 0.010 0.127 284.2 0.001 38.5
17 0.433 353.0 3.201 349.8 0.010 0.145 284.1 0.001 38.4
18 0.448 353.0 3.338 349.7 0.008 0.165 283.8 0.001 38.0
19 0.457 353.0 3.495 349.5 0.008 0.187 283.7 0.001 37.8
20 0.473 353.0 3.674 349.3 0.008 0.211 283.5 0.001 37.6
21 0.491 353.0 3.878 349.1 0.007 0.237 283.0 0.001 37.0
22 0.508 353.0 4.109 348.9 0.006 0.266 282.8 0.001 36.6
23 0.528 353.0 4.369 348.6 0.005 0.297 282.2 0.001 35.9
24 0.556 353.0 4.661 348.3 0.005 0.333 281.4 0.001 34.8
25 0.576 353.0 4.990 348.0 0.004 0.371 280.9 0.001 34.1
26 0.604 353.0 5.357 347.6 0.004 0.414 279.9 0.001 32.8
27 0.633 353.0 5.769 347.2 0.003 0.462 278.5 0.001 30.9
28 0.669 352.9 6.228 346.7 0.002 0.515 276.7 0.001 28.6
29 0.705 352.9 6.742 346.2 0.002 0.575 274.5 0.001 25.8
30 0.752 352.9 7.315 345.6 0.001 0.642 271.3 0.001 21.8
31 0.809 352.9 7.957 345.0 0.001 0.719 266.0 0.001 15.0
32 0.831 352.9 8.675 344.3 0.001 0.802 264.2 0.001 12.6
33 0.917 352.9 9.477 343.5 0.000 0.900 247.4 0.001 0.9
34 1.078 352.9 10.380 342.6 0.000 0.000 220.6 0.001 0.8
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Figure A.25: Evaporator surface IR image Figure A.26: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
333.7 330.4 315.5 331.6 0.0 2.4
333.7 330.3 314.2 332.2 8.6 2.5
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
15.8 0.2 3.6 25.6 445.4
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.507 333.7 3.453 330.3 0.000 0.001 272.1 0.700 25.1
2 0.490 333.5 3.254 330.3 0.199 0.003 272.1 0.700 25.1
3 0.480 333.4 3.083 330.3 0.175 0.007 272.1 0.700 25.1
4 0.464 333.2 2.939 330.3 0.152 0.013 272.2 0.700 25.2
5 0.451 333.1 2.820 330.3 0.131 0.019 272.2 0.700 25.2
6 0.441 333.0 2.728 330.2 0.111 0.027 272.2 0.700 25.2
7 0.435 332.9 2.662 330.2 0.093 0.036 272.2 0.700 25.3
8 0.431 332.8 2.621 330.2 0.076 0.046 272.2 0.700 25.3
9 0.429 332.7 2.606 330.1 0.061 0.057 272.3 0.700 25.3
10 0.328 332.7 2.617 330.1 0.046 0.066 271.2 0.080 23.8
11 0.333 332.6 2.640 330.0 0.043 0.077 271.2 0.080 23.8
12 0.330 332.6 2.676 329.9 0.041 0.087 271.2 0.080 23.8
13 0.334 332.6 2.725 329.8 0.038 0.099 271.2 0.080 23.8
14 0.338 332.5 2.788 329.7 0.036 0.112 271.2 0.080 23.8
15 0.345 332.5 2.867 329.6 0.034 0.126 271.1 0.080 23.6
16 0.353 332.5 2.961 329.5 0.032 0.141 270.9 0.080 23.3
17 0.357 332.4 3.072 329.4 0.029 0.157 270.9 0.080 23.3
18 0.366 332.4 3.202 329.2 0.027 0.174 270.8 0.080 23.2
19 0.379 332.4 3.351 329.0 0.025 0.193 270.4 0.080 22.6
20 0.386 332.4 3.521 328.8 0.023 0.213 270.4 0.080 22.6
21 0.402 332.3 3.713 328.6 0.021 0.235 269.8 0.080 21.9
22 0.412 332.3 3.930 328.4 0.019 0.259 269.7 0.080 21.7
23 0.433 332.3 4.172 328.1 0.017 0.286 269.0 0.080 20.7
24 0.447 332.3 4.443 327.9 0.015 0.314 268.4 0.080 19.9
25 0.464 332.3 4.744 327.5 0.013 0.345 267.8 0.080 19.0
26 0.483 332.3 5.078 327.2 0.011 0.379 266.8 0.080 17.7
27 0.505 332.3 5.448 326.8 0.009 0.417 265.4 0.080 15.9
28 0.530 332.3 5.858 326.4 0.008 0.458 263.7 0.080 13.5
29 0.555 332.2 6.310 325.9 0.006 0.504 261.5 0.080 10.6
30 0.583 332.2 6.809 325.4 0.004 0.554 255.7 0.080 1.0
31 0.628 332.2 7.360 324.9 0.003 0.610 246.7 0.080 0.9
32 0.701 332.2 7.968 324.3 0.002 0.677 230.5 0.080 0.9
33 0.798 332.2 8.644 323.6 0.001 0.757 212.2 0.080 0.8
34 0.922 332.2 9.401 322.8 0.000 0.000 193.6 0.080 0.7
Model Inputs
Detailed Model Results
Model Results
Experimental Results
73 
 
Configuration Target Air Temperature (°C) Target Superheat (°C) 
Opposite Side – DX 25 10 
 
Figure A.27: Evaporator surface IR image Figure A.28: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
326.1 323.0 308.6 324.1 2.6 2.3
326.1 322.8 307.4 324.7 12.9 2.4
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
15.3 0.2 3.0 25.4 445.5
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.494 326.1 3.312 322.8 0.000 0.001 272.1 0.700 24.9
2 0.477 325.9 3.123 322.8 0.189 0.003 272.1 0.700 24.9
3 0.460 325.7 2.961 322.8 0.166 0.007 272.1 0.700 24.9
4 0.446 325.6 2.823 322.8 0.144 0.012 272.2 0.700 25.0
5 0.435 325.5 2.711 322.7 0.125 0.018 272.2 0.700 25.0
6 0.428 325.4 2.623 322.7 0.106 0.026 272.2 0.700 25.0
7 0.424 325.3 2.560 322.7 0.089 0.034 272.2 0.700 25.0
8 0.423 325.2 2.521 322.7 0.073 0.044 272.2 0.700 25.0
9 0.423 325.1 2.508 322.6 0.057 0.055 272.2 0.700 25.0
10 0.318 325.1 2.520 322.6 0.043 0.064 271.4 0.080 23.9
11 0.320 325.1 2.543 322.5 0.040 0.074 271.4 0.080 23.9
12 0.323 325.0 2.579 322.4 0.038 0.084 271.4 0.080 23.9
13 0.328 325.0 2.627 322.4 0.036 0.096 271.3 0.080 23.8
14 0.333 324.9 2.690 322.3 0.034 0.108 271.2 0.080 23.6
15 0.335 324.9 2.767 322.1 0.032 0.122 271.1 0.080 23.5
16 0.341 324.9 2.859 322.0 0.029 0.136 271.1 0.080 23.6
17 0.349 324.9 2.968 321.9 0.027 0.152 271.0 0.080 23.4
18 0.360 324.8 3.094 321.7 0.025 0.169 270.7 0.080 23.0
19 0.365 324.8 3.239 321.6 0.023 0.187 270.8 0.080 23.0
20 0.393 324.8 3.405 321.4 0.021 0.207 270.3 0.080 22.3
21 0.388 324.8 3.592 321.2 0.019 0.228 270.3 0.080 22.4
22 0.403 324.8 3.804 320.9 0.017 0.252 270.0 0.080 21.9
23 0.416 324.7 4.040 320.7 0.015 0.277 269.7 0.080 21.5
24 0.437 324.7 4.303 320.4 0.014 0.305 269.0 0.080 20.5
25 0.453 324.7 4.596 320.1 0.012 0.335 268.3 0.080 19.7
26 0.471 324.7 4.922 319.8 0.010 0.368 267.6 0.080 18.7
27 0.495 324.7 5.281 319.4 0.008 0.405 266.4 0.080 17.0
28 0.515 324.7 5.680 319.0 0.007 0.445 265.2 0.080 15.3
29 0.540 324.7 6.120 318.6 0.005 0.489 263.3 0.080 12.9
30 0.567 324.7 6.605 318.1 0.004 0.537 261.0 0.080 9.8
31 0.596 324.7 7.139 317.5 0.003 0.591 254.9 0.080 1.0
32 0.647 324.7 7.729 316.9 0.002 0.652 244.6 0.080 0.9
33 0.725 324.7 8.380 316.3 0.001 0.724 227.7 0.080 0.8
34 0.829 324.7 9.104 315.6 0.000 0.000 208.7 0.080 0.8
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Figure A.29: Evaporator surface IR image Figure A.30: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
316.0 312.9 299.1 314.2 11.4 2.3
316.0 312.9 298.6 314.7 18.9 2.4
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
14.5 0.2 2.1 25.5 445.3
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.467 316.0 3.103 312.9 0.000 0.001 272.4 0.700 25.0
2 0.451 315.8 2.926 312.9 0.178 0.003 272.4 0.700 25.1
3 0.440 315.7 2.773 312.9 0.156 0.006 272.4 0.700 25.1
4 0.431 315.5 2.643 312.9 0.136 0.011 272.5 0.700 25.1
5 0.419 315.4 2.537 312.9 0.117 0.017 272.5 0.700 25.1
6 0.411 315.3 2.455 312.8 0.100 0.024 272.5 0.700 25.2
7 0.405 315.2 2.395 312.8 0.084 0.032 272.5 0.700 25.2
8 0.401 315.1 2.359 312.8 0.068 0.041 272.5 0.700 25.2
9 0.400 315.1 2.346 312.7 0.054 0.051 272.5 0.700 25.2
10 0.307 315.1 2.356 312.7 0.041 0.060 271.9 0.084 24.3
11 0.309 315.0 2.378 312.6 0.039 0.069 271.9 0.084 24.3
12 0.312 315.0 2.411 312.6 0.036 0.079 271.9 0.084 24.3
13 0.316 314.9 2.456 312.5 0.034 0.090 271.8 0.084 24.2
14 0.321 314.9 2.514 312.4 0.032 0.102 271.7 0.084 24.0
15 0.326 314.9 2.586 312.3 0.030 0.115 271.6 0.084 23.9
16 0.328 314.9 2.674 312.2 0.028 0.129 271.7 0.084 24.0
17 0.336 314.8 2.776 312.0 0.026 0.143 271.6 0.084 23.9
18 0.346 314.8 2.896 311.9 0.024 0.159 271.5 0.084 23.7
19 0.361 314.8 3.033 311.7 0.022 0.177 271.3 0.084 23.5
20 0.363 314.8 3.191 311.6 0.020 0.196 271.3 0.084 23.5
21 0.378 314.7 3.368 311.4 0.018 0.216 271.0 0.084 23.0
22 0.386 314.7 3.568 311.2 0.016 0.238 271.0 0.084 23.0
23 0.405 314.7 3.792 310.9 0.014 0.263 270.4 0.084 22.2
24 0.416 314.7 4.042 310.7 0.013 0.289 270.3 0.084 22.1
25 0.431 314.7 4.320 310.4 0.011 0.317 269.9 0.084 21.4
26 0.457 314.7 4.628 310.1 0.009 0.349 268.9 0.084 20.1
27 0.475 314.7 4.969 309.7 0.008 0.384 268.4 0.084 19.4
28 0.496 314.7 5.347 309.3 0.006 0.422 267.5 0.084 18.2
29 0.519 314.7 5.764 308.9 0.004 0.463 266.3 0.084 16.6
30 0.545 314.7 6.224 308.4 0.003 0.509 264.7 0.084 14.4
31 0.573 314.7 6.731 307.9 0.002 0.560 262.6 0.084 11.5
32 0.604 314.7 7.290 307.4 0.001 0.617 259.7 0.084 7.7
33 0.638 314.7 7.905 306.7 0.001 0.679 252.2 0.084 1.0
34 0.702 314.7 8.584 306.1 0.000 0.000 238.7 0.084 0.9
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Figure A.31: Evaporator surface IR image Figure A.32: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
299.1 296.3 283.7 297.4 16.0 2.1
299.1 296.3 283.5 297.8 23.6 2.2
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
13.3 0.3 0.6 25.5 444.9
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.429 299.1 2.756 296.3 0.000 0.001 272.8 0.700 25.1
2 0.414 298.9 2.594 296.3 0.163 0.003 272.8 0.700 25.2
3 0.402 298.8 2.453 296.3 0.143 0.006 272.9 0.700 25.2
4 0.396 298.7 2.333 296.3 0.125 0.010 272.9 0.700 25.2
5 0.391 298.5 2.235 296.3 0.109 0.015 272.9 0.700 25.2
6 0.383 298.5 2.157 296.3 0.093 0.022 272.9 0.700 25.2
7 0.378 298.4 2.101 296.3 0.078 0.029 272.9 0.700 25.2
8 0.375 298.3 2.066 296.2 0.064 0.037 272.9 0.700 25.2
9 0.365 298.3 2.052 296.2 0.051 0.046 272.9 0.700 25.2
10 0.285 298.2 2.059 296.2 0.039 0.054 272.5 0.092 24.6
11 0.284 298.2 2.075 296.1 0.037 0.062 272.5 0.092 24.6
12 0.291 298.1 2.103 296.0 0.035 0.072 272.4 0.092 24.5
13 0.296 298.1 2.142 296.0 0.033 0.082 272.3 0.092 24.4
14 0.298 298.1 2.192 295.9 0.031 0.092 272.4 0.092 24.5
15 0.303 298.1 2.256 295.8 0.029 0.104 272.4 0.092 24.5
16 0.305 298.0 2.333 295.7 0.027 0.116 272.4 0.092 24.5
17 0.314 298.0 2.425 295.6 0.025 0.130 272.3 0.092 24.4
18 0.324 298.0 2.531 295.4 0.023 0.144 272.1 0.092 24.1
19 0.327 298.0 2.655 295.4 0.021 0.160 272.2 0.092 24.2
20 0.337 297.9 2.796 295.1 0.019 0.177 272.1 0.092 24.2
21 0.351 297.9 2.955 295.0 0.017 0.195 271.9 0.092 23.8
22 0.357 297.9 3.135 294.8 0.015 0.215 272.0 0.092 23.9
23 0.372 297.9 3.337 294.6 0.014 0.237 271.7 0.092 23.6
24 0.382 297.9 3.562 294.3 0.012 0.260 271.6 0.092 23.4
25 0.401 297.9 3.812 294.1 0.010 0.286 271.3 0.092 22.9
26 0.415 297.9 4.090 293.8 0.008 0.314 271.1 0.092 22.7
27 0.437 297.9 4.398 293.5 0.007 0.345 270.6 0.092 22.0
28 0.455 297.9 4.738 293.1 0.005 0.379 270.1 0.092 21.3
29 0.476 297.8 5.112 292.7 0.005 0.417 269.6 0.092 20.6
30 0.499 297.8 5.526 292.4 0.003 0.457 268.8 0.092 19.5
31 0.526 297.8 5.981 291.9 0.002 0.503 267.7 0.092 18.0
32 0.553 297.8 6.483 291.4 0.001 0.553 266.3 0.092 16.1
33 0.587 297.8 7.035 290.8 0.001 0.609 266.0 0.092 15.6
34 0.614 297.8 7.644 290.2 0.000 0.000 262.1 0.092 10.4
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Figure A.33: Evaporator surface IR image Figure A.34: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
371.1 366.6 344.2 368.0 0.0 3.0
371.1 367.2 344.6 369.0 7.0 3.1
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
20.2 0.2 6.7 35.5 439.4
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.620 371.1 3.932 367.2 0.000 0.001 280.1 0.700 34.6
2 0.589 370.8 3.650 367.2 0.283 0.004 280.2 0.700 34.7
3 0.565 370.6 3.405 367.2 0.250 0.009 280.2 0.700 34.8
4 0.551 370.4 3.195 367.2 0.219 0.016 280.3 0.700 34.8
5 0.529 370.2 3.022 367.2 0.190 0.025 280.3 0.700 34.9
6 0.512 370.0 2.883 367.1 0.164 0.034 280.4 0.700 35.0
7 0.500 369.9 2.778 367.1 0.139 0.045 280.4 0.700 35.0
8 0.491 369.8 2.706 367.1 0.116 0.057 280.4 0.700 35.0
9 0.487 369.7 2.668 367.0 0.095 0.071 280.4 0.700 35.0
10 0.483 369.6 2.664 366.9 0.075 0.085 280.4 0.700 35.0
11 0.385 369.5 2.693 366.8 0.056 0.098 279.5 0.065 33.8
12 0.390 369.5 2.738 366.8 0.053 0.112 279.4 0.065 33.7
13 0.397 369.4 2.800 366.6 0.051 0.127 279.3 0.065 33.5
14 0.397 369.4 2.880 366.5 0.048 0.143 279.3 0.065 33.5
15 0.406 369.3 2.978 366.4 0.045 0.161 279.3 0.065 33.5
16 0.428 369.3 3.096 366.2 0.042 0.180 278.8 0.065 32.9
17 0.433 369.3 3.237 366.0 0.040 0.201 278.8 0.065 32.8
18 0.446 369.2 3.401 365.8 0.037 0.224 278.6 0.065 32.6
19 0.462 369.2 3.590 365.6 0.034 0.249 278.2 0.065 31.9
20 0.472 369.2 3.808 365.4 0.032 0.275 278.1 0.065 31.9
21 0.501 369.1 4.054 365.0 0.029 0.305 277.4 0.065 30.9
22 0.506 369.1 4.333 364.8 0.026 0.337 277.2 0.065 30.7
23 0.540 369.1 4.646 364.4 0.024 0.373 276.1 0.065 29.3
24 0.562 369.1 4.998 364.1 0.021 0.412 275.3 0.065 28.1
25 0.587 369.0 5.391 363.7 0.019 0.455 273.9 0.065 26.4
26 0.618 369.0 5.829 363.2 0.016 0.503 272.2 0.065 24.2
27 0.652 369.0 6.318 362.7 0.014 0.556 270.0 0.065 21.3
28 0.685 369.0 6.863 362.1 0.012 0.615 267.8 0.065 18.4
29 0.730 369.0 7.468 361.5 0.009 0.681 263.9 0.065 13.4
30 0.777 369.0 8.141 360.8 0.007 0.755 254.7 0.065 1.0
31 0.868 369.0 8.891 360.1 0.005 0.842 238.0 0.065 0.9
32 1.004 369.0 9.730 359.2 0.003 0.949 216.5 0.065 0.8
33 1.185 369.0 10.680 358.3 0.002 1.085 194.8 0.065 0.7
34 1.412 369.0 11.760 357.2 0.001 0.000 175.3 0.065 0.6
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Figure A.35: Evaporator surface IR image Figure A.36: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
370.0 365.7 345.0 367.0 2.8 3.0
370.0 366.2 344.7 368.0 10.4 3.1
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
19.6 0.2 6.6 35.6 439.6
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.603 370.0 3.783 366.2 0.000 0.001 280.2 0.700 34.7
2 0.575 369.7 3.516 366.2 0.269 0.004 280.3 0.700 34.9
3 0.561 369.5 3.283 366.2 0.237 0.009 280.3 0.700 34.9
4 0.536 369.3 3.084 366.2 0.207 0.016 280.4 0.700 35.0
5 0.516 369.1 2.920 366.2 0.180 0.024 280.5 0.700 35.0
6 0.500 368.9 2.789 366.1 0.155 0.033 280.5 0.700 35.1
7 0.489 368.8 2.690 366.1 0.132 0.043 280.5 0.700 35.1
8 0.481 368.7 2.623 366.1 0.110 0.055 280.5 0.700 35.1
9 0.478 368.6 2.588 366.0 0.090 0.068 280.5 0.700 35.1
10 0.477 368.5 2.585 366.0 0.071 0.082 280.5 0.700 35.1
11 0.378 368.5 2.615 365.9 0.052 0.095 279.7 0.064 34.0
12 0.381 368.4 2.659 365.8 0.050 0.108 279.7 0.064 34.0
13 0.387 368.4 2.720 365.7 0.047 0.122 279.6 0.064 33.9
14 0.395 368.3 2.798 365.5 0.045 0.138 279.5 0.064 33.6
15 0.400 368.3 2.894 365.4 0.042 0.155 279.4 0.064 33.5
16 0.409 368.3 3.010 365.3 0.039 0.173 279.4 0.064 33.5
17 0.422 368.2 3.146 365.1 0.037 0.193 279.4 0.064 33.6
18 0.440 368.2 3.305 364.9 0.034 0.215 278.9 0.064 32.9
19 0.448 368.2 3.488 364.7 0.032 0.239 278.7 0.064 32.7
20 0.472 368.1 3.697 364.4 0.029 0.265 278.3 0.064 32.0
21 0.485 368.1 3.935 364.2 0.027 0.293 277.9 0.064 31.6
22 0.503 368.1 4.204 363.9 0.024 0.324 277.5 0.064 31.0
23 0.527 368.1 4.507 363.5 0.022 0.359 276.6 0.064 29.8
24 0.556 368.0 4.846 363.2 0.020 0.397 275.5 0.064 28.4
25 0.581 368.0 5.225 362.8 0.017 0.439 274.6 0.064 27.1
26 0.609 368.0 5.649 362.4 0.015 0.485 273.2 0.064 25.4
27 0.643 368.0 6.121 361.9 0.013 0.536 271.2 0.064 22.7
28 0.680 368.0 6.647 361.3 0.010 0.593 268.5 0.064 19.3
29 0.730 368.0 7.232 360.7 0.008 0.658 264.4 0.064 14.0
30 0.754 368.0 7.883 360.1 0.006 0.729 258.4 0.064 1.0
31 0.825 368.0 8.608 359.4 0.004 0.811 246.7 0.064 0.9
32 0.943 368.0 9.416 358.5 0.003 0.909 226.3 0.064 0.8
33 1.085 368.0 10.320 357.6 0.001 1.030 206.6 0.064 0.7
34 1.313 368.0 11.350 356.6 0.000 0.000 183.5 0.064 0.6
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Figure A.37: Evaporator surface IR image Figure A.38: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
362.7 358.7 339.1 360.0 9.6 3.0
362.7 359.0 338.3 360.8 15.5 3.1
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
19.0 0.2 6.0 35.7 439.4
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.585 362.7 3.662 359.0 0.000 0.001 280.5 0.700 35.0
2 0.567 362.4 3.403 359.0 0.259 0.004 280.6 0.700 35.0
3 0.541 362.2 3.179 359.0 0.228 0.009 280.7 0.700 35.1
4 0.518 362.0 2.988 359.0 0.200 0.015 280.7 0.700 35.2
5 0.500 361.8 2.829 359.0 0.174 0.023 280.8 0.700 35.2
6 0.487 361.7 2.702 359.0 0.150 0.031 280.8 0.700 35.3
7 0.479 361.6 2.606 359.0 0.128 0.042 280.8 0.700 35.3
8 0.478 361.5 2.541 358.9 0.107 0.053 280.8 0.700 35.3
9 0.473 361.4 2.507 358.9 0.087 0.066 280.8 0.700 35.3
10 0.465 361.3 2.505 358.8 0.068 0.080 280.8 0.700 35.3
11 0.375 361.3 2.534 358.7 0.051 0.092 280.0 0.066 34.1
12 0.376 361.2 2.578 358.6 0.048 0.105 279.9 0.066 34.1
13 0.386 361.2 2.638 358.5 0.045 0.120 279.9 0.066 34.1
14 0.385 361.1 2.715 358.4 0.043 0.135 279.9 0.066 34.1
15 0.392 361.1 2.809 358.3 0.040 0.151 279.9 0.066 34.0
16 0.404 361.0 2.923 358.1 0.038 0.169 279.7 0.066 33.7
17 0.413 361.0 3.057 357.9 0.035 0.189 279.6 0.066 33.6
18 0.424 361.0 3.213 357.8 0.033 0.210 279.5 0.066 33.5
19 0.443 360.9 3.393 357.5 0.030 0.233 279.0 0.066 32.9
20 0.454 360.9 3.598 357.3 0.028 0.258 279.0 0.066 32.8
21 0.479 360.9 3.831 357.1 0.026 0.286 278.4 0.066 32.1
22 0.498 360.9 4.094 356.8 0.023 0.317 278.0 0.066 31.5
23 0.515 360.8 4.390 356.5 0.021 0.351 277.6 0.066 30.9
24 0.548 360.8 4.722 356.1 0.018 0.388 276.6 0.066 29.5
25 0.576 360.8 5.094 355.7 0.016 0.429 275.4 0.066 28.1
26 0.600 360.8 5.510 355.3 0.014 0.475 274.3 0.066 26.6
27 0.632 360.8 5.973 354.8 0.012 0.525 272.7 0.066 24.4
28 0.667 360.8 6.489 354.3 0.010 0.582 270.4 0.066 21.5
29 0.707 360.8 7.063 353.7 0.008 0.644 267.6 0.066 17.9
30 0.741 360.8 7.701 353.1 0.006 0.714 264.7 0.066 14.2
31 0.785 360.8 8.411 352.3 0.004 0.791 256.7 0.066 1.0
32 0.869 360.8 9.200 351.6 0.002 0.882 242.0 0.066 0.9
33 1.004 360.8 10.080 350.7 0.001 0.994 220.2 0.066 0.8
34 1.184 360.8 11.070 349.7 0.000 0.000 198.1 0.066 0.7
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Figure A.39: Evaporator surface IR image Figure A.40: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
345.6 341.6 322.0 342.9 16.8 2.9
345.6 342.1 322.6 343.8 23.1 3.0
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
17.8 0.2 4.6 35.6 439.3
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.558 345.6 3.475 342.1 0.000 0.001 280.8 0.700 35.0
2 0.531 345.3 3.234 342.1 0.242 0.004 280.9 0.700 35.0
3 0.509 345.1 3.024 342.1 0.214 0.008 281.0 0.700 35.1
4 0.495 344.9 2.845 342.1 0.187 0.014 281.0 0.700 35.1
5 0.482 344.8 2.696 342.1 0.163 0.021 281.0 0.700 35.2
6 0.468 344.6 2.578 342.1 0.140 0.030 281.0 0.700 35.2
7 0.457 344.5 2.489 342.0 0.119 0.040 281.0 0.700 35.2
8 0.450 344.4 2.429 342.0 0.099 0.050 281.1 0.700 35.2
9 0.446 344.3 2.399 341.9 0.081 0.062 281.1 0.700 35.3
10 0.446 344.3 2.398 341.9 0.063 0.076 281.1 0.700 35.3
11 0.355 344.2 2.426 341.8 0.047 0.087 280.4 0.067 34.4
12 0.369 344.2 2.469 341.7 0.045 0.100 280.4 0.067 34.3
13 0.366 344.1 2.527 341.6 0.042 0.114 280.4 0.067 34.3
14 0.371 344.1 2.601 341.5 0.040 0.128 280.4 0.067 34.3
15 0.378 344.1 2.692 341.4 0.037 0.144 280.3 0.067 34.2
16 0.390 344.0 2.801 341.2 0.035 0.162 280.1 0.067 33.9
17 0.397 344.0 2.931 341.1 0.032 0.180 280.1 0.067 33.9
18 0.408 344.0 3.080 340.9 0.031 0.201 280.1 0.067 33.8
19 0.425 343.9 3.253 340.7 0.028 0.223 279.7 0.067 33.4
20 0.435 343.9 3.451 340.5 0.026 0.247 279.7 0.067 33.3
21 0.458 343.9 3.675 340.2 0.023 0.274 279.2 0.067 32.7
22 0.472 343.9 3.928 339.9 0.021 0.303 279.1 0.067 32.6
23 0.491 343.8 4.212 339.6 0.019 0.335 278.6 0.067 31.9
24 0.520 343.8 4.531 339.3 0.017 0.371 277.9 0.067 31.0
25 0.547 343.8 4.887 338.9 0.015 0.410 277.3 0.067 30.1
26 0.570 343.8 5.284 338.5 0.012 0.453 276.5 0.067 29.1
27 0.601 343.8 5.727 338.1 0.010 0.501 275.3 0.067 27.4
28 0.642 343.8 6.220 337.6 0.008 0.555 273.4 0.067 25.0
29 0.693 343.8 6.769 337.0 0.007 0.617 270.2 0.067 20.8
30 0.708 343.8 7.381 336.4 0.005 0.683 269.4 0.067 19.7
31 0.754 343.8 8.061 335.7 0.003 0.758 265.7 0.067 15.0
32 0.808 343.8 8.817 335.0 0.002 0.843 257.1 0.067 1.0
33 0.859 343.8 9.659 334.1 0.001 0.938 249.1 0.067 0.9
34 0.980 343.8 10.600 333.2 0.000 0.000 228.9 0.067 0.8
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Figure A.41: Evaporator surface IR image 
 
Figure A.42: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
403.3 396.8 365.0 398.4 0.0 3.5
403.3 398.1 367.4 399.4 0.0 3.4
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
24.9 0.3 9.2 40.7 436.9
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.774 403.3 5.140 398.1 0.000 0.002 283.6 0.700 39.0
2 0.729 402.8 4.677 398.1 0.464 0.006 283.9 0.700 39.2
3 0.694 402.4 4.268 398.1 0.415 0.013 284.0 0.700 39.4
4 0.654 402.0 3.911 398.1 0.371 0.023 284.2 0.700 39.7
5 0.623 401.7 3.604 398.1 0.330 0.034 284.3 0.700 39.8
6 0.601 401.4 3.345 398.0 0.293 0.046 284.4 0.700 39.9
7 0.574 401.1 3.132 398.0 0.259 0.060 284.5 0.700 40.0
8 0.553 400.9 2.965 397.9 0.227 0.075 284.5 0.700 40.1
9 0.538 400.7 2.843 397.9 0.198 0.092 284.6 0.700 40.1
10 0.529 400.5 2.763 397.8 0.171 0.109 284.6 0.700 40.1
11 0.525 400.4 2.727 397.7 0.145 0.129 284.6 0.700 40.1
12 0.526 400.3 2.735 397.5 0.121 0.149 284.6 0.700 40.1
13 0.531 400.2 2.786 397.4 0.098 0.172 284.6 0.700 40.1
14 0.431 400.1 2.882 397.2 0.076 0.191 283.5 0.072 38.6
15 0.445 400.0 3.002 397.0 0.072 0.212 283.1 0.072 38.2
16 0.453 399.9 3.146 396.8 0.068 0.235 283.2 0.072 38.2
17 0.473 399.9 3.317 396.6 0.064 0.260 282.8 0.072 37.7
18 0.485 399.8 3.516 396.3 0.061 0.287 282.6 0.072 37.5
19 0.512 399.8 3.747 396.0 0.057 0.317 281.9 0.072 36.5
20 0.530 399.7 4.011 395.7 0.053 0.350 281.6 0.072 36.2
21 0.553 399.7 4.311 395.4 0.049 0.386 280.9 0.072 35.3
22 0.581 399.6 4.651 395.0 0.045 0.425 279.9 0.072 33.9
23 0.620 399.6 5.035 394.5 0.041 0.469 278.4 0.072 31.9
24 0.642 399.5 5.467 394.1 0.038 0.518 277.5 0.072 30.9
25 0.686 399.5 5.951 393.6 0.034 0.572 275.0 0.072 27.7
26 0.726 399.5 6.493 393.0 0.030 0.633 272.4 0.072 24.3
27 0.767 399.4 7.100 392.3 0.026 0.700 269.6 0.072 20.9
28 0.823 399.4 7.778 391.6 0.022 0.777 264.6 0.072 14.6
29 0.876 399.4 8.537 390.9 0.018 0.863 253.9 0.072 1.0
30 0.998 399.4 9.384 390.0 0.015 0.966 234.3 0.072 0.9
31 1.282 399.4 10.340 389.0 0.011 1.108 200.1 0.072 0.7
32 1.401 399.4 11.440 387.9 0.007 1.274 189.7 0.072 0.6
33 1.684 399.4 12.710 386.7 0.004 1.490 170.9 0.072 0.5
34 2.031 399.4 14.200 385.2 0.001 0.000 154.9 0.072 0.5
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Figure A.43: Evaporator surface IR image 
 
Figure A.44: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
388.5 382.3 353.4 383.8 2.6 3.2
388.5 383.6 354.8 384.9 5.1 3.4
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
23.4 0.3 8.0 40.7 437.0
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.742 388.5 4.863 383.6 0.000 0.002 284.0 0.700 39.1
2 0.696 388.0 4.434 383.6 0.430 0.006 284.3 0.700 39.5
3 0.656 387.6 4.055 383.6 0.385 0.013 284.4 0.700 39.6
4 0.632 387.3 3.724 383.6 0.343 0.021 284.5 0.700 39.7
5 0.598 387.0 3.441 383.6 0.305 0.032 284.6 0.700 39.8
6 0.569 386.7 3.202 383.5 0.270 0.044 284.7 0.700 40.0
7 0.547 386.5 3.008 383.5 0.239 0.057 284.7 0.700 40.0
8 0.532 386.3 2.855 383.4 0.209 0.071 284.8 0.700 40.1
9 0.526 386.1 2.745 383.3 0.182 0.087 284.8 0.700 40.1
10 0.517 385.9 2.676 383.3 0.156 0.105 284.8 0.700 40.1
11 0.513 385.8 2.648 383.2 0.132 0.123 284.8 0.700 40.1
12 0.515 385.7 2.662 383.0 0.109 0.143 284.8 0.700 40.1
13 0.523 385.6 2.719 382.9 0.087 0.166 284.8 0.700 40.1
14 0.418 385.5 2.818 382.7 0.066 0.184 283.8 0.069 38.7
15 0.429 385.5 2.940 382.5 0.063 0.205 283.8 0.069 38.7
16 0.445 385.4 3.085 382.3 0.059 0.227 283.5 0.069 38.4
17 0.458 385.4 3.257 382.1 0.056 0.251 283.2 0.069 38.0
18 0.476 385.3 3.456 381.9 0.052 0.278 283.1 0.069 37.8
19 0.494 385.3 3.685 381.6 0.049 0.307 282.7 0.069 37.3
20 0.521 385.2 3.946 381.3 0.045 0.339 282.1 0.069 36.5
21 0.541 385.2 4.243 380.9 0.042 0.374 281.7 0.069 36.0
22 0.568 385.1 4.579 380.6 0.039 0.413 280.9 0.069 35.0
23 0.595 385.1 4.956 380.1 0.035 0.456 280.0 0.069 33.7
24 0.639 385.1 5.380 379.7 0.032 0.504 278.3 0.069 31.6
25 0.675 385.0 5.856 379.2 0.028 0.558 276.6 0.069 29.4
26 0.706 385.0 6.389 378.6 0.025 0.617 274.7 0.069 26.9
27 0.748 385.0 6.985 378.0 0.021 0.683 272.2 0.069 23.7
28 0.795 385.0 7.650 377.3 0.018 0.757 268.7 0.069 19.3
29 0.850 385.0 8.393 376.6 0.014 0.841 263.4 0.069 12.7
30 0.917 385.0 9.223 375.7 0.011 0.937 250.5 0.069 0.9
31 1.053 384.9 10.150 374.8 0.008 1.053 229.3 0.069 0.8
32 1.245 384.9 11.200 373.7 0.006 1.200 206.0 0.069 0.7
33 1.493 384.9 12.400 372.5 0.003 1.389 184.4 0.069 0.6
34 1.797 384.9 13.780 371.2 0.001 0.000 166.1 0.069 0.5
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Opposite Side – DX 40 15 
 
 
Figure A.45: Evaporator surface IR image 
 
Figure A.46: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
363.9 358.1 332.0 359.8 4.9 3.2
363.9 359.3 332.8 360.7 18.3 3.3
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
21.5 0.3 6.1 40.5 436.1
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.683 363.9 4.561 359.3 0.000 0.001 284.6 0.700 39.3
2 0.659 363.5 4.171 359.3 0.391 0.006 284.7 0.700 39.4
3 0.617 363.1 3.828 359.3 0.349 0.012 284.8 0.700 39.6
4 0.584 362.8 3.528 359.3 0.311 0.020 284.9 0.700 39.8
5 0.559 362.5 3.272 359.3 0.276 0.030 285.0 0.700 39.8
6 0.543 362.3 3.057 359.2 0.245 0.041 285.0 0.700 39.9
7 0.521 362.1 2.882 359.2 0.215 0.053 285.1 0.700 40.0
8 0.504 361.9 2.748 359.1 0.188 0.067 285.1 0.700 40.0
9 0.492 361.7 2.652 359.1 0.163 0.082 285.2 0.700 40.1
10 0.485 361.6 2.594 359.0 0.140 0.098 285.2 0.700 40.1
11 0.483 361.5 2.575 358.9 0.118 0.116 285.2 0.700 40.1
12 0.485 361.4 2.594 358.8 0.097 0.135 285.2 0.700 40.1
13 0.492 361.3 2.652 358.6 0.077 0.156 285.2 0.700 40.1
14 0.405 361.2 2.751 358.5 0.057 0.174 284.3 0.070 38.9
15 0.424 361.2 2.870 358.3 0.054 0.194 284.2 0.070 38.8
16 0.429 361.1 3.014 358.1 0.051 0.216 284.2 0.070 38.7
17 0.440 361.1 3.181 357.9 0.048 0.239 283.9 0.070 38.4
18 0.457 361.0 3.376 357.7 0.045 0.265 283.9 0.070 38.3
19 0.476 361.0 3.599 357.4 0.042 0.293 283.5 0.070 37.7
20 0.497 361.0 3.854 357.1 0.039 0.324 283.3 0.070 37.4
21 0.518 360.9 4.142 356.8 0.035 0.358 282.8 0.070 36.8
22 0.549 360.9 4.468 356.4 0.032 0.396 282.0 0.070 35.8
23 0.582 360.9 4.835 356.0 0.029 0.438 281.2 0.070 34.7
24 0.615 360.8 5.247 355.6 0.026 0.485 280.2 0.070 33.5
25 0.637 360.8 5.709 355.1 0.023 0.537 279.5 0.070 32.5
26 0.684 360.8 6.226 354.6 0.020 0.595 278.0 0.070 30.6
27 0.714 360.8 6.804 354.0 0.017 0.659 276.0 0.070 28.0
28 0.766 360.8 7.449 353.3 0.014 0.731 272.7 0.070 23.9
29 0.812 360.8 8.169 352.6 0.011 0.813 269.3 0.070 19.5
30 0.855 360.7 8.974 351.8 0.008 0.903 265.7 0.070 14.9
31 0.914 360.7 9.871 350.9 0.006 1.006 256.3 0.070 1.0
32 1.031 360.7 10.870 349.9 0.003 1.128 238.3 0.070 0.9
33 1.212 360.7 12.000 348.7 0.002 1.281 214.3 0.070 0.8
34 1.366 360.7 13.280 347.5 0.001 0.000 198.5 0.070 0.7
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Opposite Side – DX 40 20 
 
 
Figure A.47: Evaporator surface IR image 
 
Figure A.48: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
359.2 353.5 328.2 354.9 12.3 3.2
359.2 354.7 328.8 356.2 21.1 3.3
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
21.1 0.3 5.8 40.6 439.4
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.676 359.2 4.478 354.7 0.000 0.001 284.8 0.700 39.4
2 0.641 358.8 4.097 354.7 0.382 0.005 284.9 0.700 39.6
3 0.605 358.5 3.761 354.7 0.341 0.011 285.0 0.700 39.8
4 0.575 358.2 3.468 354.7 0.304 0.019 285.1 0.700 39.9
5 0.564 357.9 3.217 354.7 0.271 0.029 285.1 0.700 39.9
6 0.532 357.7 3.007 354.7 0.239 0.040 285.2 0.700 40.0
7 0.511 357.5 2.837 354.6 0.210 0.052 285.3 0.700 40.1
8 0.496 357.3 2.706 354.6 0.184 0.066 285.3 0.700 40.1
9 0.485 357.1 2.612 354.5 0.159 0.081 285.3 0.700 40.1
10 0.478 357.0 2.556 354.4 0.136 0.096 285.3 0.700 40.1
11 0.476 356.9 2.538 354.3 0.115 0.114 285.3 0.700 40.1
12 0.478 356.8 2.557 354.2 0.094 0.132 285.3 0.700 40.1
13 0.488 356.7 2.614 354.1 0.075 0.153 285.3 0.700 40.1
14 0.405 356.7 2.711 353.9 0.056 0.171 284.5 0.071 39.0
15 0.409 356.6 2.830 353.8 0.053 0.191 284.5 0.071 38.9
16 0.421 356.6 2.970 353.6 0.050 0.212 284.5 0.071 39.0
17 0.439 356.5 3.136 353.4 0.047 0.235 284.2 0.071 38.6
18 0.447 356.5 3.327 353.1 0.044 0.260 284.1 0.071 38.4
19 0.471 356.4 3.547 352.9 0.041 0.288 283.8 0.071 38.1
20 0.489 356.4 3.797 352.6 0.038 0.318 283.5 0.071 37.7
21 0.519 356.4 4.081 352.3 0.034 0.352 283.0 0.071 36.9
22 0.539 356.3 4.402 351.9 0.031 0.389 282.7 0.071 36.6
23 0.567 356.3 4.763 351.5 0.028 0.430 282.0 0.071 35.6
24 0.605 356.3 5.168 351.1 0.025 0.477 280.9 0.071 34.2
25 0.636 356.2 5.623 350.6 0.022 0.528 279.7 0.071 32.7
26 0.668 356.2 6.132 350.1 0.019 0.585 278.6 0.071 31.2
27 0.711 356.2 6.700 349.5 0.016 0.648 276.5 0.071 28.5
28 0.751 356.2 7.336 348.9 0.013 0.719 274.3 0.071 25.7
29 0.796 356.2 8.044 348.1 0.010 0.799 271.5 0.071 22.2
30 0.847 356.2 8.835 347.3 0.008 0.888 267.9 0.071 17.5
31 0.907 356.2 9.718 346.5 0.006 0.990 262.2 0.071 10.4
32 0.981 356.2 10.700 345.5 0.003 1.106 248.5 0.071 0.9
33 1.130 356.2 11.810 344.4 0.002 1.248 226.6 0.071 0.8
34 1.340 356.2 13.060 343.1 0.001 0.000 202.9 0.071 0.7
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – FGB 25 5 
 
 
Figure A.49: Evaporator surface IR image 
 
Figure A.50: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
421.4 418.7 413.2 420.6 1.5 2.1
421.4 419.3 413.4 421.4 0.0 2.0
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
13.5 0.2 10.5 25.1 445.3
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.629 421.4 4.828 416.6 0.000 0.000 180.3 0.001 0.6
2 0.550 421.4 4.544 416.9 0.007 0.277 196.4 0.001 0.7
3 0.487 421.4 4.289 417.1 0.006 0.248 213.1 0.001 0.7
4 0.440 421.4 4.060 417.4 0.006 0.224 228.1 0.001 0.8
5 0.403 421.4 3.852 417.6 0.005 0.203 241.5 0.001 0.9
6 0.375 421.4 3.663 417.7 0.005 0.184 252.0 0.001 0.9
7 0.356 421.4 3.491 417.9 0.004 0.168 257.9 0.001 1.0
8 0.346 421.4 3.334 418.1 0.004 0.153 261.6 0.001 13.6
9 0.335 421.4 3.191 418.2 0.004 0.140 263.1 0.001 15.6
10 0.328 421.4 3.061 418.3 0.003 0.127 263.7 0.001 16.4
11 0.318 421.4 2.943 418.4 0.003 0.115 264.6 0.001 17.6
12 0.311 421.4 2.836 418.6 0.003 0.104 265.1 0.001 18.3
13 0.304 421.4 2.739 418.6 0.002 0.094 265.7 0.001 19.1
14 0.301 421.4 2.652 418.7 0.002 0.085 265.7 0.001 19.1
15 0.293 421.4 2.574 418.8 0.002 0.076 266.4 0.001 20.1
16 0.286 421.4 2.505 418.9 0.002 0.068 266.5 0.001 20.2
17 0.285 421.4 2.443 418.9 0.002 0.060 266.6 0.001 20.3
18 0.279 421.4 2.388 419.0 0.001 0.053 267.1 0.001 20.9
19 0.274 421.4 2.340 419.0 0.001 0.047 267.2 0.001 21.2
20 0.271 421.4 2.298 419.1 0.001 0.041 267.2 0.001 21.2
21 0.272 421.4 2.261 419.1 0.001 0.036 267.1 0.001 21.1
22 0.268 421.4 2.230 419.1 0.001 0.031 267.4 0.001 21.5
23 0.264 421.4 2.203 419.2 0.001 0.026 267.6 0.001 21.7
24 0.262 421.4 2.181 419.2 0.001 0.022 267.7 0.001 21.8
25 0.261 421.4 2.163 419.2 0.000 0.018 267.7 0.001 21.9
26 0.260 421.4 2.148 419.2 0.000 0.014 267.7 0.001 21.9
27 0.257 421.4 2.136 419.2 0.000 0.011 267.7 0.001 21.8
28 0.257 421.4 2.127 419.2 0.000 0.009 267.7 0.001 21.8
29 0.260 421.4 2.120 419.3 0.000 0.006 267.7 0.001 21.9
30 0.260 421.4 2.116 419.3 0.000 0.005 267.7 0.001 21.9
31 0.259 421.4 2.113 419.3 0.000 0.003 267.7 0.001 21.9
32 0.259 421.4 2.111 419.3 0.000 0.002 267.7 0.001 21.9
33 0.265 421.4 2.110 419.3 0.000 0.001 267.6 0.001 21.7
34 0.265 421.4 2.110 419.3 0.000 0.000 267.6 0.001 21.7
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – FGB 25 10 
 
 
Figure A.51: Evaporator surface IR image 
 
Figure A.52: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
408.9 405.8 400.4 407.8 9.3 2.1
409.0 407.0 401.6 408.9 8.5 2.0
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
12.8 0.2 9.6 25.5 444.7
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.490 409.0 4.524 404.4 0.000 0.000 224.9 0.001 0.8
2 0.442 408.9 4.259 404.7 0.007 0.259 240.8 0.001 0.9
3 0.407 408.9 4.017 404.9 0.006 0.236 253.0 0.001 1.0
4 0.385 408.9 3.797 405.1 0.005 0.215 258.7 0.001 1.0
5 0.373 408.9 3.595 405.3 0.005 0.197 262.5 0.001 14.4
6 0.362 408.9 3.410 405.5 0.005 0.180 263.5 0.001 15.6
7 0.351 408.9 3.242 405.7 0.004 0.164 264.7 0.001 17.3
8 0.338 408.9 3.088 405.8 0.004 0.150 265.8 0.001 18.7
9 0.333 408.9 2.949 406.0 0.003 0.136 266.0 0.001 19.0
10 0.319 408.9 2.822 406.1 0.003 0.124 266.9 0.001 20.2
11 0.314 408.9 2.707 406.2 0.003 0.112 267.0 0.001 20.4
12 0.313 408.9 2.603 406.3 0.003 0.101 267.1 0.001 20.4
13 0.297 408.9 2.509 406.4 0.002 0.091 267.8 0.001 21.4
14 0.292 408.9 2.425 406.5 0.002 0.082 268.1 0.001 21.9
15 0.283 408.9 2.350 406.5 0.002 0.074 268.3 0.001 22.2
16 0.284 408.9 2.282 406.6 0.002 0.066 268.3 0.001 22.2
17 0.275 408.9 2.222 406.7 0.001 0.058 268.7 0.001 22.6
18 0.270 408.9 2.169 406.7 0.001 0.052 268.8 0.001 22.8
19 0.272 408.9 2.123 406.8 0.001 0.045 268.8 0.001 22.8
20 0.266 408.9 2.082 406.8 0.001 0.040 268.7 0.001 22.7
21 0.261 408.9 2.047 406.8 0.001 0.034 269.0 0.001 23.1
22 0.257 408.9 2.017 406.9 0.001 0.029 269.1 0.001 23.2
23 0.258 408.9 1.991 406.9 0.001 0.025 269.1 0.001 23.2
24 0.255 408.9 1.970 406.9 0.001 0.021 269.1 0.001 23.3
25 0.254 408.9 1.952 406.9 0.000 0.017 269.1 0.001 23.3
26 0.253 408.9 1.938 406.9 0.000 0.014 269.1 0.001 23.3
27 0.251 408.9 1.927 407.0 0.000 0.011 269.1 0.001 23.2
28 0.252 408.9 1.918 407.0 0.000 0.008 269.1 0.001 23.2
29 0.251 408.9 1.912 407.0 0.000 0.006 269.1 0.001 23.2
30 0.255 408.9 1.907 407.0 0.000 0.004 269.1 0.001 23.3
31 0.249 408.9 1.904 407.0 0.000 0.003 269.1 0.001 23.3
32 0.249 408.9 1.903 407.0 0.000 0.002 269.1 0.001 23.3
33 0.249 408.9 1.902 407.0 0.000 0.001 269.1 0.001 23.3
34 0.254 408.9 1.902 407.0 0.000 0.000 269.1 0.001 23.3
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – FGB 25 15 
 
 
Figure A.53: Evaporator surface IR image 
 
Figure A.54: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
377.3 373.4 369.6 375.3 15.4 1.9
377.3 375.8 371.4 377.2 17.3 1.8
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
11.2 0.2 7.2 26.0 443.9
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.382 377.3 3.575 373.7 0.000 0.000 267.0 0.001 19.3
2 0.370 377.3 3.358 373.9 0.005 0.212 267.6 0.001 20.0
3 0.354 377.3 3.160 374.1 0.005 0.194 268.4 0.001 21.1
4 0.341 377.3 2.979 374.3 0.004 0.177 269.0 0.001 22.0
5 0.332 377.3 2.813 374.4 0.004 0.162 269.1 0.001 22.2
6 0.319 377.3 2.662 374.6 0.004 0.147 269.7 0.001 22.9
7 0.311 377.3 2.525 374.7 0.003 0.134 269.8 0.001 23.1
8 0.299 377.2 2.399 374.8 0.003 0.122 270.1 0.001 23.5
9 0.293 377.2 2.286 375.0 0.003 0.111 270.2 0.001 23.6
10 0.282 377.2 2.182 375.1 0.002 0.101 270.5 0.001 24.0
11 0.277 377.2 2.089 375.2 0.002 0.091 270.4 0.001 23.9
12 0.267 377.2 2.005 375.2 0.002 0.082 270.7 0.001 24.3
13 0.260 377.2 1.929 375.3 0.002 0.074 270.7 0.001 24.3
14 0.256 377.2 1.860 375.4 0.002 0.067 270.7 0.001 24.4
15 0.251 377.2 1.799 375.4 0.001 0.060 270.8 0.001 24.5
16 0.244 377.2 1.744 375.5 0.001 0.053 270.9 0.001 24.6
17 0.241 377.2 1.696 375.5 0.001 0.047 270.8 0.001 24.5
18 0.240 377.2 1.653 375.6 0.001 0.042 270.8 0.001 24.4
19 0.234 377.2 1.616 375.6 0.001 0.037 270.9 0.001 24.7
20 0.229 377.2 1.583 375.6 0.001 0.032 271.0 0.001 24.8
21 0.225 377.2 1.554 375.7 0.001 0.028 271.0 0.001 24.7
22 0.223 377.2 1.530 375.7 0.001 0.024 270.9 0.001 24.7
23 0.222 377.2 1.509 375.7 0.000 0.020 270.9 0.001 24.6
24 0.223 377.2 1.492 375.7 0.000 0.017 270.9 0.001 24.6
25 0.222 377.2 1.478 375.7 0.000 0.014 270.8 0.001 24.6
26 0.221 377.2 1.466 375.8 0.000 0.011 270.8 0.001 24.6
27 0.219 377.2 1.457 375.8 0.000 0.009 270.9 0.001 24.6
28 0.218 377.2 1.450 375.8 0.000 0.007 270.9 0.001 24.7
29 0.217 377.2 1.445 375.8 0.000 0.005 270.9 0.001 24.7
30 0.216 377.2 1.442 375.8 0.000 0.003 270.9 0.001 24.7
31 0.216 377.2 1.440 375.8 0.000 0.002 270.9 0.001 24.7
32 0.215 377.2 1.438 375.8 0.000 0.001 270.9 0.001 24.7
33 0.215 377.2 1.438 375.8 0.000 0.001 270.9 0.001 24.7
34 0.215 377.2 1.438 375.8 0.000 0.000 270.9 0.001 24.7
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – FGB 25 20 
 
 
Figure A.55: Evaporator surface IR image 
 
Figure A.56: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
346.3 343.4 338.8 345.2 19.8 1.7
346.4 345.2 341.7 346.3 20.9 1.6
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
9.8 0.2 4.7 26.4 443.0
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.340 346.4 2.830 343.5 0.000 0.000 271.0 0.001 23.7
2 0.324 346.3 2.654 343.7 0.004 0.172 271.4 0.001 24.2
3 0.315 346.3 2.493 343.9 0.004 0.157 271.5 0.001 24.4
4 0.301 346.3 2.346 344.0 0.003 0.143 271.7 0.001 24.7
5 0.293 346.3 2.212 344.1 0.003 0.131 271.8 0.001 24.8
6 0.280 346.3 2.091 344.2 0.003 0.119 271.9 0.001 25.0
7 0.274 346.3 1.980 344.4 0.002 0.108 271.9 0.001 25.0
8 0.261 346.3 1.879 344.4 0.002 0.098 272.1 0.001 25.3
9 0.254 346.3 1.788 344.5 0.002 0.089 272.0 0.001 25.2
10 0.249 346.3 1.705 344.6 0.002 0.081 272.1 0.001 25.3
11 0.239 346.3 1.631 344.7 0.002 0.073 272.2 0.001 25.4
12 0.235 346.3 1.563 344.8 0.002 0.066 272.1 0.001 25.3
13 0.228 346.3 1.503 344.8 0.001 0.059 272.2 0.001 25.4
14 0.220 346.3 1.448 344.9 0.001 0.053 272.3 0.001 25.5
15 0.215 346.3 1.400 344.9 0.001 0.048 272.1 0.001 25.4
16 0.217 346.3 1.356 345.0 0.001 0.042 272.2 0.001 25.5
17 0.209 346.3 1.318 345.0 0.001 0.037 272.1 0.001 25.3
18 0.202 346.3 1.284 345.0 0.001 0.033 272.2 0.001 25.5
19 0.198 346.3 1.255 345.1 0.001 0.029 272.2 0.001 25.5
20 0.195 346.3 1.229 345.1 0.001 0.025 272.1 0.001 25.3
21 0.193 346.3 1.206 345.1 0.001 0.022 271.9 0.001 25.1
22 0.192 346.3 1.187 345.1 0.000 0.019 271.9 0.001 25.0
23 0.195 346.3 1.171 345.1 0.000 0.016 272.1 0.001 25.4
24 0.192 346.3 1.157 345.2 0.000 0.013 271.9 0.001 25.0
25 0.190 346.3 1.146 345.2 0.000 0.011 271.8 0.001 25.0
26 0.188 346.3 1.137 345.2 0.000 0.009 271.9 0.001 25.1
27 0.186 346.3 1.130 345.2 0.000 0.007 271.9 0.001 25.1
28 0.185 346.3 1.124 345.2 0.000 0.005 271.9 0.001 25.1
29 0.184 346.3 1.120 345.2 0.000 0.004 271.9 0.001 25.2
30 0.184 346.3 1.118 345.2 0.000 0.003 271.9 0.001 25.2
31 0.183 346.3 1.116 345.2 0.000 0.002 272.0 0.001 25.2
32 0.183 346.3 1.115 345.2 0.000 0.001 272.0 0.001 25.2
33 0.183 346.3 1.114 345.2 0.000 0.000 272.0 0.001 25.2
34 0.183 346.3 1.114 345.2 0.000 0.000 272.0 0.001 25.2
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – FGB 35 5 
 
 
Figure A.57: Evaporator surface IR image 
 
Figure A.58: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
415.4 411.7 395.2 414.1 0.2 3.7
415.4 412.7 396.8 415.3 0.0 3.3
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
24.1 0.2 10.0 35.1 440.2
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 1.582 415.4 9.204 406.2 0.000 0.000 143.9 0.001 0.4
2 1.294 415.4 8.401 407.0 0.020 0.783 161.3 0.001 0.5
3 1.067 415.4 7.718 407.7 0.017 0.667 181.6 0.001 0.6
4 0.894 415.4 7.125 408.3 0.015 0.578 204.0 0.001 0.7
5 0.767 415.4 6.603 408.8 0.013 0.509 226.5 0.001 0.8
6 0.678 415.4 6.138 409.2 0.012 0.453 246.3 0.001 0.9
7 0.623 415.4 5.721 409.6 0.010 0.407 258.7 0.001 1.0
8 0.594 415.3 5.346 410.0 0.009 0.366 265.7 0.001 16.9
9 0.570 415.3 5.008 410.3 0.008 0.329 268.0 0.001 20.0
10 0.548 415.3 4.704 410.6 0.008 0.296 269.9 0.001 22.3
11 0.529 415.3 4.432 410.9 0.007 0.266 271.1 0.001 24.0
12 0.506 415.3 4.188 411.1 0.006 0.238 272.6 0.001 25.8
13 0.488 415.3 3.969 411.3 0.005 0.213 273.9 0.001 27.6
14 0.475 415.3 3.774 411.5 0.005 0.190 274.4 0.001 28.2
15 0.457 415.3 3.601 411.7 0.004 0.169 275.2 0.001 29.4
16 0.447 415.3 3.447 411.9 0.004 0.150 275.6 0.001 29.8
17 0.437 415.3 3.311 412.0 0.003 0.133 276.1 0.001 30.4
18 0.427 415.3 3.191 412.1 0.003 0.117 276.2 0.001 30.6
19 0.415 415.3 3.086 412.2 0.003 0.102 276.7 0.001 31.3
20 0.406 415.3 2.995 412.3 0.002 0.089 276.9 0.001 31.6
21 0.401 415.3 2.917 412.4 0.002 0.077 276.9 0.001 31.6
22 0.396 415.3 2.849 412.4 0.002 0.066 277.1 0.001 31.8
23 0.390 415.3 2.793 412.5 0.001 0.055 277.3 0.001 32.1
24 0.383 415.3 2.745 412.5 0.001 0.046 277.5 0.001 32.3
25 0.381 415.3 2.706 412.6 0.001 0.038 277.5 0.001 32.3
26 0.379 415.3 2.674 412.6 0.001 0.031 277.5 0.001 32.3
27 0.378 415.3 2.649 412.6 0.001 0.024 277.5 0.001 32.3
28 0.378 415.3 2.630 412.7 0.000 0.019 277.4 0.001 32.2
29 0.377 415.3 2.616 412.7 0.000 0.014 277.9 0.001 32.9
30 0.381 415.3 2.606 412.7 0.000 0.009 277.5 0.001 32.3
31 0.378 415.3 2.600 412.7 0.000 0.006 277.4 0.001 32.2
32 0.377 415.3 2.597 412.7 0.000 0.003 277.4 0.001 32.2
33 0.376 415.3 2.595 412.7 0.000 0.001 277.4 0.001 32.3
34 0.365 415.3 2.595 412.7 0.000 0.000 277.8 0.001 32.7
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – FGB 35 10 
 
 
Figure A.59: Evaporator surface IR image 
 
Figure A.60: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
407.4 403.7 388.7 406.0 5.0 3.6
407.4 404.7 389.7 407.2 0.0 3.3
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
23.0 0.2 9.5 35.0 439.8
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 1.402 407.4 8.950 398.5 0.000 0.000 155.1 0.001 0.5
2 1.150 407.4 8.195 399.2 0.018 0.737 174.8 0.001 0.6
3 0.955 407.4 7.543 399.8 0.016 0.636 197.2 0.001 0.7
4 0.810 407.4 6.972 400.4 0.014 0.557 220.6 0.001 0.8
5 0.708 407.3 6.464 400.9 0.012 0.495 242.0 0.001 0.9
6 0.640 407.3 6.010 401.3 0.011 0.444 257.4 0.001 1.0
7 0.612 407.3 5.600 401.7 0.010 0.400 264.6 0.001 15.3
8 0.585 407.3 5.231 402.1 0.009 0.360 267.4 0.001 18.9
9 0.561 407.3 4.900 402.4 0.008 0.323 269.5 0.001 21.6
10 0.540 407.3 4.602 402.7 0.007 0.291 270.9 0.001 23.5
11 0.516 407.3 4.335 403.0 0.007 0.261 272.7 0.001 25.7
12 0.496 407.3 4.095 403.2 0.006 0.234 273.9 0.001 27.4
13 0.481 407.3 3.881 403.4 0.005 0.209 274.6 0.001 28.3
14 0.464 407.3 3.689 403.6 0.005 0.187 275.3 0.001 29.2
15 0.449 407.3 3.519 403.8 0.004 0.166 275.9 0.001 30.1
16 0.439 407.3 3.368 403.9 0.004 0.148 276.2 0.001 30.4
17 0.426 407.3 3.234 404.0 0.003 0.130 276.6 0.001 31.0
18 0.415 407.3 3.116 404.1 0.003 0.115 276.9 0.001 31.4
19 0.411 407.3 3.013 404.2 0.003 0.101 276.9 0.001 31.3
20 0.400 407.3 2.924 404.3 0.002 0.087 277.3 0.001 31.9
21 0.392 407.3 2.847 404.4 0.002 0.075 277.5 0.001 32.2
22 0.387 407.3 2.780 404.5 0.002 0.064 277.5 0.001 32.2
23 0.388 407.3 2.725 404.5 0.001 0.055 277.5 0.001 32.2
24 0.382 407.2 2.678 404.6 0.001 0.045 277.6 0.001 32.2
25 0.378 407.2 2.640 404.6 0.001 0.037 277.7 0.001 32.4
26 0.374 407.2 2.609 404.6 0.001 0.030 277.8 0.001 32.6
27 0.372 407.2 2.584 404.7 0.001 0.024 277.9 0.001 32.7
28 0.370 407.2 2.566 404.7 0.000 0.018 277.9 0.001 32.7
29 0.368 407.2 2.552 404.7 0.000 0.013 278.0 0.001 32.8
30 0.368 407.2 2.543 404.7 0.000 0.009 278.1 0.001 33.0
31 0.366 407.2 2.537 404.7 0.000 0.006 278.0 0.001 32.8
32 0.366 407.2 2.533 404.7 0.000 0.003 278.0 0.001 32.8
33 0.366 407.2 2.532 404.7 0.000 0.001 278.0 0.001 32.8
34 0.366 407.2 2.532 404.7 0.000 0.000 278.0 0.001 32.8
Model Inputs
Detailed Model Results
Model Results
Experimental Results
90 
 
Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – FGB 35 15 
 
 
Figure A.61: Evaporator surface IR image 
 
Figure A.62: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
392.2 388.1 374.4 390.5 14.1 3.5
392.2 389.6 375.5 392.1 6.1 3.3
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
21.7 0.2 8.3 35.0 438.0
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 1.162 392.2 8.682 383.5 0.000 0.000 176.9 0.001 0.6
2 0.961 392.2 7.974 384.2 0.017 0.691 200.6 0.001 0.7
3 0.814 392.2 7.353 384.8 0.015 0.607 225.0 0.001 0.8
4 0.709 392.2 6.799 385.4 0.013 0.540 247.3 0.001 0.9
5 0.654 392.2 6.302 385.9 0.012 0.485 258.7 0.001 1.0
6 0.623 392.1 5.855 386.3 0.011 0.437 265.7 0.001 16.4
7 0.608 392.1 5.451 386.7 0.010 0.394 267.1 0.001 18.1
8 0.567 392.1 5.089 387.0 0.009 0.354 270.6 0.001 22.6
9 0.543 392.1 4.763 387.4 0.008 0.318 272.3 0.001 24.9
10 0.522 392.1 4.469 387.6 0.007 0.286 273.5 0.001 26.5
11 0.504 392.1 4.206 387.9 0.006 0.257 274.3 0.001 27.4
12 0.491 392.1 3.970 388.1 0.006 0.230 275.1 0.001 28.5
13 0.464 392.1 3.760 388.3 0.005 0.206 276.1 0.001 29.9
14 0.455 392.1 3.571 388.5 0.005 0.184 276.3 0.001 30.1
15 0.436 392.1 3.404 388.7 0.004 0.163 277.0 0.001 31.1
16 0.427 392.1 3.255 388.8 0.004 0.145 277.0 0.001 31.1
17 0.414 392.1 3.124 389.0 0.003 0.128 277.5 0.001 31.8
18 0.403 392.1 3.008 389.1 0.003 0.113 277.7 0.001 32.1
19 0.400 392.1 2.907 389.2 0.002 0.099 277.7 0.001 32.0
20 0.390 392.1 2.819 389.3 0.002 0.086 278.0 0.001 32.4
21 0.382 392.1 2.743 389.3 0.002 0.074 278.2 0.001 32.7
22 0.376 392.1 2.678 389.4 0.002 0.063 278.2 0.001 32.7
23 0.378 392.1 2.623 389.4 0.001 0.054 278.2 0.001 32.7
24 0.373 392.1 2.577 389.5 0.001 0.045 278.2 0.001 32.6
25 0.368 392.1 2.539 389.5 0.001 0.037 278.3 0.001 32.8
26 0.365 392.1 2.509 389.6 0.001 0.030 278.4 0.001 32.9
27 0.362 392.1 2.485 389.6 0.001 0.023 278.4 0.001 33.0
28 0.360 392.1 2.466 389.6 0.000 0.018 278.5 0.001 33.1
29 0.359 392.1 2.453 389.6 0.000 0.013 278.5 0.001 33.1
30 0.358 392.1 2.444 389.6 0.000 0.009 278.5 0.001 33.2
31 0.356 392.1 2.438 389.6 0.000 0.006 278.6 0.001 33.2
32 0.357 392.1 2.435 389.6 0.000 0.003 278.6 0.001 33.2
33 0.357 392.1 2.433 389.6 0.000 0.001 278.6 0.001 33.2
34 0.356 392.1 2.433 389.6 0.000 0.000 278.6 0.001 33.2
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – FGB 35 20 
 
 
Figure A.63: Evaporator surface IR image 
 
Figure A.64: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
371.3 367.8 354.7 370.1 19.6 3.3
371.3 368.9 356.0 371.2 19.3 3.2
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
20.1 0.2 6.7 35.2 437.4
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.861 371.3 8.169 363.2 0.000 0.000 224.1 0.001 0.8
2 0.749 371.3 7.520 363.8 0.015 0.634 246.8 0.001 0.9
3 0.689 371.3 6.938 364.4 0.013 0.569 258.5 0.001 1.0
4 0.661 371.3 6.413 364.9 0.012 0.513 265.1 0.001 14.9
5 0.627 371.3 5.940 365.4 0.011 0.461 268.2 0.001 18.9
6 0.596 371.3 5.515 365.8 0.010 0.415 270.5 0.001 21.9
7 0.568 371.3 5.133 366.1 0.009 0.374 272.3 0.001 24.3
8 0.536 371.3 4.788 366.5 0.008 0.336 274.2 0.001 26.8
9 0.515 371.3 4.479 366.8 0.007 0.303 275.3 0.001 28.3
10 0.495 371.3 4.200 367.1 0.006 0.272 276.2 0.001 29.4
11 0.480 371.2 3.950 367.3 0.006 0.245 276.5 0.001 29.8
12 0.457 371.2 3.725 367.5 0.005 0.219 277.4 0.001 31.0
13 0.443 371.2 3.524 367.7 0.005 0.196 277.7 0.001 31.4
14 0.427 371.2 3.345 367.9 0.004 0.175 278.1 0.001 31.9
15 0.417 371.2 3.185 368.0 0.004 0.156 278.3 0.001 32.2
16 0.402 371.2 3.044 368.2 0.003 0.138 278.6 0.001 32.7
17 0.395 371.2 2.918 368.3 0.003 0.123 278.6 0.001 32.6
18 0.386 371.2 2.808 368.4 0.003 0.108 278.8 0.001 32.9
19 0.376 371.2 2.711 368.5 0.002 0.094 279.0 0.001 33.2
20 0.370 371.2 2.627 368.6 0.002 0.082 279.0 0.001 33.3
21 0.366 371.2 2.555 368.7 0.002 0.071 279.0 0.001 33.2
22 0.363 371.2 2.493 368.7 0.001 0.061 279.1 0.001 33.3
23 0.357 371.2 2.440 368.8 0.001 0.051 279.2 0.001 33.5
24 0.352 371.2 2.396 368.8 0.001 0.043 279.3 0.001 33.6
25 0.349 371.2 2.360 368.9 0.001 0.035 279.3 0.001 33.7
26 0.346 371.2 2.331 368.9 0.001 0.028 279.4 0.001 33.7
27 0.344 371.2 2.309 368.9 0.001 0.022 279.4 0.001 33.7
28 0.343 371.2 2.291 368.9 0.000 0.017 279.4 0.001 33.7
29 0.341 371.2 2.278 368.9 0.000 0.013 279.3 0.001 33.7
30 0.340 371.2 2.269 368.9 0.000 0.009 279.3 0.001 33.6
31 0.341 371.2 2.264 368.9 0.000 0.006 279.3 0.001 33.7
32 0.341 371.2 2.260 368.9 0.000 0.003 279.3 0.001 33.7
33 0.340 371.2 2.259 368.9 0.000 0.001 279.3 0.001 33.7
34 0.340 371.2 2.259 368.9 0.000 0.000 279.3 0.001 33.7
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – FGB 40 5 
 
 
Figure A.65: Evaporator surface IR image 
 
Figure A.66: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
399.9 396.0 373.8 398.5 2.3 4.2
399.9 397.0 375.7 399.7 0.0 3.9
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
30.1 0.3 8.9 40.6 438.4
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 1.841 399.9 11.480 388.5 0.000 0.000 149.0 0.001 0.4
2 1.486 399.9 10.400 389.5 0.026 1.052 169.3 0.001 0.5
3 1.209 399.9 9.482 390.4 0.022 0.894 193.4 0.001 0.7
4 1.005 399.9 8.688 391.2 0.019 0.775 219.5 0.001 0.8
5 0.864 399.8 7.988 391.9 0.017 0.683 243.8 0.001 0.9
6 0.783 399.8 7.365 392.5 0.015 0.608 258.9 0.001 1.0
7 0.742 399.8 6.808 393.0 0.014 0.544 267.2 0.001 17.7
8 0.704 399.8 6.309 393.5 0.012 0.487 270.3 0.001 21.7
9 0.674 399.8 5.862 393.9 0.011 0.436 274.6 0.001 27.1
10 0.642 399.8 5.463 394.3 0.010 0.390 275.2 0.001 27.9
11 0.612 399.8 5.106 394.7 0.009 0.348 277.1 0.001 30.3
12 0.587 399.8 4.788 395.0 0.008 0.311 278.4 0.001 32.0
13 0.567 399.8 4.504 395.3 0.007 0.277 279.1 0.001 32.9
14 0.544 399.8 4.252 395.5 0.006 0.246 280.0 0.001 34.1
15 0.521 399.7 4.029 395.7 0.005 0.218 281.0 0.001 35.3
16 0.511 399.7 3.831 395.9 0.005 0.193 281.0 0.001 35.4
17 0.490 399.7 3.657 396.1 0.004 0.170 281.8 0.001 36.5
18 0.477 399.7 3.504 396.2 0.004 0.149 282.0 0.001 36.6
19 0.468 399.7 3.371 396.4 0.003 0.130 282.3 0.001 37.1
20 0.454 399.7 3.255 396.5 0.003 0.113 282.6 0.001 37.5
21 0.445 399.7 3.155 396.6 0.002 0.097 282.6 0.001 37.5
22 0.443 399.7 3.069 396.7 0.002 0.083 282.7 0.001 37.6
23 0.434 399.7 2.997 396.7 0.002 0.070 283.0 0.001 38.0
24 0.427 399.7 2.937 396.8 0.001 0.059 283.1 0.001 38.2
25 0.421 399.7 2.888 396.8 0.001 0.048 283.2 0.001 38.3
26 0.418 399.7 2.848 396.9 0.001 0.039 283.2 0.001 38.3
27 0.416 399.7 2.816 396.9 0.001 0.031 283.2 0.001 38.3
28 0.415 399.7 2.792 396.9 0.001 0.024 283.2 0.001 38.3
29 0.415 399.7 2.775 396.9 0.000 0.017 283.1 0.001 38.2
30 0.413 399.7 2.762 397.0 0.000 0.012 283.2 0.001 38.2
31 0.414 399.7 2.754 397.0 0.000 0.008 283.1 0.001 38.2
32 0.416 399.7 2.750 397.0 0.000 0.004 283.2 0.001 38.3
33 0.416 399.7 2.748 397.0 0.000 0.002 283.2 0.001 38.3
34 0.415 399.7 2.747 397.0 0.000 0.000 283.2 0.001 38.3
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – FGB 40 10 
 
 
Figure A.67: Evaporator surface IR image 
 
Figure A.68: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
385.6 382.4 360.8 384.7 12.3 4.1
385.6 382.7 362.4 385.4 5.4 3.9
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
28.4 0.3 7.8 40.7 438.3
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 1.591 385.6 11.290 374.3 0.000 0.000 164.5 0.001 0.5
2 1.288 385.6 10.270 375.3 0.024 1.002 188.5 0.001 0.6
3 1.060 385.6 9.380 376.2 0.021 0.865 215.5 0.001 0.8
4 0.903 385.5 8.602 376.9 0.018 0.760 241.1 0.001 0.9
5 0.812 385.5 7.910 377.6 0.016 0.676 257.9 0.001 1.0
6 0.767 385.5 7.291 378.2 0.015 0.605 266.7 0.001 16.7
7 0.730 385.5 6.737 378.8 0.013 0.541 270.1 0.001 20.9
8 0.679 385.5 6.241 379.2 0.012 0.484 274.1 0.001 26.1
9 0.675 385.5 5.796 379.7 0.011 0.434 274.4 0.001 26.4
10 0.629 385.5 5.400 380.1 0.009 0.387 277.0 0.001 29.9
11 0.600 385.5 5.046 380.4 0.008 0.346 278.6 0.001 31.9
12 0.576 385.5 4.731 380.7 0.008 0.308 279.7 0.001 33.3
13 0.558 385.4 4.449 381.0 0.007 0.275 280.1 0.001 33.9
14 0.531 385.4 4.200 381.2 0.006 0.244 281.2 0.001 35.3
15 0.513 385.4 3.978 381.5 0.005 0.216 281.7 0.001 36.0
16 0.497 385.4 3.782 381.6 0.005 0.191 282.2 0.001 36.5
17 0.483 385.4 3.610 381.8 0.004 0.169 282.5 0.001 37.0
18 0.468 385.4 3.458 382.0 0.004 0.148 282.9 0.001 37.5
19 0.459 385.4 3.326 382.1 0.003 0.129 282.8 0.001 37.4
20 0.447 385.4 3.211 382.2 0.003 0.112 283.2 0.001 37.9
21 0.437 385.4 3.113 382.3 0.002 0.096 283.4 0.001 38.2
22 0.430 385.4 3.029 382.4 0.002 0.082 283.5 0.001 38.3
23 0.427 385.4 2.957 382.5 0.002 0.070 283.4 0.001 38.2
24 0.423 385.4 2.898 382.5 0.001 0.058 283.5 0.001 38.3
25 0.417 385.4 2.849 382.6 0.001 0.047 283.6 0.001 38.5
26 0.412 385.4 2.810 382.6 0.001 0.038 283.8 0.001 38.7
27 0.409 385.4 2.779 382.6 0.001 0.030 283.8 0.001 38.7
28 0.407 385.4 2.756 382.6 0.001 0.023 283.8 0.001 38.8
29 0.404 385.4 2.739 382.7 0.000 0.017 283.9 0.001 38.8
30 0.398 385.4 2.727 382.7 0.000 0.012 283.9 0.001 38.9
31 0.403 385.4 2.719 382.7 0.000 0.007 283.9 0.001 38.8
32 0.402 385.4 2.715 382.7 0.000 0.004 283.9 0.001 38.9
33 0.402 385.4 2.713 382.7 0.000 0.002 283.9 0.001 38.8
34 0.399 385.4 2.713 382.7 0.000 0.000 283.9 0.001 38.9
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – FGB 40 15 
 
 
Figure A.69: Evaporator surface IR image 
 
Figure A.70: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
365.5 361.7 343.2 364.0 19.2 3.9
365.5 362.7 343.6 365.3 17.5 3.9
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
26.6 0.3 6.3 40.7 437.9
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 1.281 365.5 10.970 354.5 0.000 0.000 193.0 0.001 0.7
2 1.045 365.5 10.010 355.5 0.022 0.943 222.6 0.001 0.8
3 0.899 365.4 9.156 356.3 0.019 0.832 247.5 0.001 0.9
4 0.833 365.4 8.398 357.0 0.017 0.741 258.5 0.001 1.0
5 0.784 365.4 7.720 357.7 0.016 0.663 267.3 0.001 16.9
6 0.728 365.4 7.113 358.3 0.014 0.593 272.1 0.001 23.1
7 0.716 365.4 6.569 358.8 0.012 0.531 272.8 0.001 24.0
8 0.666 365.4 6.084 359.3 0.011 0.474 276.3 0.001 28.5
9 0.621 365.4 5.649 359.7 0.010 0.424 278.6 0.001 31.4
10 0.609 365.4 5.260 360.1 0.009 0.380 280.0 0.001 33.3
11 0.584 365.3 4.913 360.4 0.008 0.340 279.9 0.001 33.1
12 0.553 365.3 4.603 360.7 0.007 0.303 281.2 0.001 34.9
13 0.533 365.3 4.327 361.0 0.006 0.270 281.8 0.001 35.6
14 0.516 365.3 4.081 361.2 0.006 0.240 282.2 0.001 36.2
15 0.494 365.3 3.864 361.5 0.005 0.213 282.9 0.001 37.0
16 0.478 365.3 3.671 361.6 0.004 0.188 283.0 0.001 37.2
17 0.468 365.3 3.502 361.8 0.004 0.166 283.3 0.001 37.6
18 0.447 365.3 3.353 362.0 0.003 0.145 283.6 0.001 38.0
19 0.445 365.3 3.223 362.1 0.003 0.127 283.6 0.001 37.9
20 0.432 365.3 3.110 362.2 0.003 0.110 283.9 0.001 38.4
21 0.421 365.3 3.013 362.3 0.002 0.095 284.1 0.001 38.6
22 0.417 365.3 2.930 362.4 0.002 0.081 284.1 0.001 38.7
23 0.414 365.3 2.860 362.4 0.002 0.068 284.1 0.001 38.7
24 0.408 365.3 2.802 362.5 0.001 0.057 284.1 0.001 38.6
25 0.404 365.3 2.754 362.5 0.001 0.047 284.2 0.001 38.8
26 0.400 365.3 2.715 362.6 0.001 0.038 284.3 0.001 38.9
27 0.380 365.3 2.685 362.6 0.001 0.030 284.5 0.001 39.2
28 0.393 365.3 2.662 362.6 0.001 0.023 284.4 0.001 39.0
29 0.392 365.3 2.645 362.7 0.000 0.017 284.4 0.001 39.1
30 0.391 365.3 2.633 362.7 0.000 0.012 284.4 0.001 39.1
31 0.390 365.3 2.625 362.7 0.000 0.007 284.4 0.001 39.1
32 0.390 365.3 2.621 362.7 0.000 0.004 284.4 0.001 39.1
33 0.389 365.3 2.619 362.7 0.000 0.002 284.4 0.001 39.1
34 0.389 365.3 2.619 362.7 0.000 0.000 284.4 0.001 39.1
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – FGB 40 20 
 
 
Figure A.71: Evaporator surface IR image 
 
Figure A.72: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
341.1 337.9 319.8 341.6 27.9 3.7
341.1 338.5 320.8 340.9 29.1 3.8
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
24.8 0.3 4.3 40.7 437.3
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.960 341.1 10.410 330.7 0.000 0.000 243.6 0.001 0.9
2 0.879 341.1 9.510 331.6 0.020 0.880 257.0 0.001 1.0
3 0.795 341.1 8.707 332.4 0.018 0.786 268.9 0.001 18.3
4 0.773 341.1 7.986 333.1 0.016 0.705 271.1 0.001 21.1
5 0.716 341.1 7.340 333.7 0.014 0.632 274.8 0.001 25.9
6 0.694 341.0 6.760 334.3 0.013 0.567 276.4 0.001 27.9
7 0.658 341.0 6.241 334.8 0.011 0.508 278.2 0.001 30.3
8 0.626 341.0 5.776 335.2 0.010 0.455 279.7 0.001 32.2
9 0.598 341.0 5.359 335.6 0.009 0.407 280.7 0.001 33.6
10 0.575 341.0 4.987 336.0 0.008 0.364 281.3 0.001 34.3
11 0.556 341.0 4.654 336.3 0.007 0.325 282.1 0.001 35.4
12 0.521 341.0 4.358 336.6 0.007 0.290 283.0 0.001 36.6
13 0.504 341.0 4.093 336.9 0.006 0.259 283.1 0.001 36.8
14 0.481 341.0 3.858 337.1 0.005 0.230 283.8 0.001 37.7
15 0.473 341.0 3.650 337.3 0.005 0.204 283.9 0.001 37.8
16 0.450 341.0 3.465 337.5 0.004 0.180 284.3 0.001 38.3
17 0.435 341.0 3.302 337.7 0.004 0.159 284.4 0.001 38.5
18 0.430 341.0 3.159 337.8 0.003 0.140 284.4 0.001 38.4
19 0.416 341.0 3.035 337.9 0.003 0.122 284.7 0.001 38.8
20 0.405 341.0 2.926 338.0 0.002 0.106 284.8 0.001 39.0
21 0.398 341.0 2.833 338.1 0.002 0.091 284.8 0.001 39.1
22 0.399 341.0 2.753 338.2 0.002 0.078 284.8 0.001 39.1
23 0.392 340.9 2.686 338.3 0.001 0.066 284.8 0.001 39.0
24 0.386 340.9 2.629 338.3 0.001 0.055 284.9 0.001 39.2
25 0.381 340.9 2.583 338.4 0.001 0.045 285.0 0.001 39.3
26 0.377 340.9 2.546 338.4 0.001 0.036 285.0 0.001 39.3
27 0.374 340.9 2.517 338.4 0.001 0.029 285.1 0.001 39.4
28 0.372 340.9 2.495 338.4 0.001 0.022 285.1 0.001 39.4
29 0.371 340.9 2.478 338.5 0.000 0.016 285.1 0.001 39.4
30 0.370 340.9 2.467 338.5 0.000 0.011 285.1 0.001 39.5
31 0.369 340.9 2.460 338.5 0.000 0.007 285.1 0.001 39.5
32 0.369 340.9 2.456 338.5 0.000 0.004 285.1 0.001 39.5
33 0.369 340.9 2.454 338.5 0.000 0.002 285.1 0.001 39.5
34 0.369 340.9 2.453 338.5 0.000 0.000 285.1 0.001 39.5
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – DX 25 5 
 
Figure A.73: Evaporator surface IR image Figure A.74: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
412.2 409.8 401.4 411.8 2.9 2.1
412.2 409.3 400.7 411.8 6.1 2.1
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
13.4 0.2 9.8 25.3 441.0
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.785 412.2 6.648 405.5 0.000 0.000 268.0 0.700 21.9
2 0.750 412.1 6.130 406.0 0.086 0.432 268.3 0.700 22.4
3 0.712 412.0 5.686 406.3 0.062 0.382 268.7 0.700 22.9
4 0.686 412.0 5.308 406.7 0.042 0.337 268.9 0.700 23.1
5 0.559 412.0 4.987 407.0 0.024 0.297 212.5 0.058 0.7
6 0.507 411.9 4.700 407.2 0.021 0.266 225.9 0.058 0.8
7 0.463 411.9 4.442 407.5 0.019 0.239 239.1 0.058 0.9
8 0.430 411.9 4.209 407.7 0.017 0.216 249.5 0.058 0.9
9 0.406 411.9 3.998 407.9 0.016 0.195 256.5 0.058 1.0
10 0.391 411.9 3.807 408.1 0.014 0.177 261.2 0.058 12.8
11 0.380 411.9 3.634 408.2 0.013 0.160 262.8 0.058 14.9
12 0.372 411.9 3.478 408.4 0.012 0.145 263.3 0.058 15.6
13 0.360 411.8 3.337 408.5 0.011 0.130 264.6 0.058 17.3
14 0.353 411.8 3.210 408.6 0.010 0.117 265.0 0.058 17.8
15 0.344 411.8 3.097 408.7 0.009 0.105 265.8 0.058 18.8
16 0.340 411.8 2.996 408.8 0.008 0.093 265.8 0.058 18.8
17 0.332 411.8 2.906 408.9 0.007 0.083 266.5 0.058 19.8
18 0.336 411.8 2.827 409.0 0.006 0.073 266.2 0.058 19.4
19 0.324 411.8 2.757 409.0 0.005 0.064 266.8 0.058 20.3
20 0.318 411.8 2.697 409.1 0.005 0.056 267.2 0.058 20.7
21 0.313 411.8 2.645 409.1 0.004 0.048 267.4 0.058 21.1
22 0.306 411.8 2.600 409.2 0.003 0.041 267.6 0.058 21.3
23 0.306 411.8 2.562 409.2 0.003 0.035 267.5 0.058 21.2
24 0.306 411.8 2.531 409.3 0.002 0.029 267.5 0.058 21.2
25 0.305 411.8 2.504 409.3 0.002 0.024 267.6 0.058 21.3
26 0.303 411.8 2.483 409.3 0.001 0.020 267.7 0.058 21.5
27 0.301 411.8 2.467 409.3 0.001 0.015 267.8 0.058 21.6
28 0.300 411.8 2.454 409.3 0.001 0.012 267.9 0.058 21.7
29 0.298 411.8 2.445 409.3 0.001 0.009 268.0 0.058 21.8
30 0.298 411.8 2.439 409.3 0.000 0.006 268.0 0.058 21.8
31 0.294 411.8 2.434 409.3 0.000 0.004 268.1 0.058 22.0
32 0.298 411.8 2.432 409.3 0.000 0.002 268.0 0.058 21.9
33 0.298 411.8 2.431 409.3 0.000 0.001 268.0 0.058 21.9
34 0.297 411.8 2.431 409.3 0.000 0.000 268.0 0.058 21.9
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – DX 25 10 
 
 
Figure A.75: Evaporator surface IR image 
 
Figure A.76: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
407.2 405.0 397.2 406.9 8.0 2.1
407.2 404.5 396.5 406.8 8.5 2.0
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
12.6 0.2 9.4 25.0 437.8
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.754 407.2 6.245 401.0 0.000 0.000 268.2 0.700 22.1
2 0.714 407.1 5.780 401.4 0.076 0.389 268.6 0.700 22.5
3 0.687 407.1 5.383 401.7 0.054 0.344 268.8 0.700 22.8
4 0.533 407.0 5.045 402.0 0.036 0.302 225.3 0.093 0.8
5 0.486 407.0 4.740 402.3 0.032 0.272 238.1 0.093 0.9
6 0.449 407.0 4.465 402.5 0.029 0.246 248.9 0.093 0.9
7 0.422 407.0 4.215 402.7 0.026 0.223 256.3 0.093 1.0
8 0.406 406.9 3.989 402.9 0.024 0.203 261.0 0.093 12.4
9 0.391 406.9 3.783 403.1 0.022 0.184 262.9 0.093 14.9
10 0.380 406.9 3.596 403.3 0.020 0.167 263.9 0.093 16.3
11 0.372 406.9 3.427 403.4 0.018 0.151 264.5 0.093 17.1
12 0.357 406.9 3.275 403.6 0.016 0.136 265.6 0.093 18.5
13 0.352 406.8 3.138 403.7 0.015 0.123 265.8 0.093 18.7
14 0.341 406.8 3.015 403.8 0.013 0.110 266.5 0.093 19.8
15 0.331 406.8 2.905 403.9 0.012 0.098 266.9 0.093 20.3
16 0.325 406.8 2.806 404.0 0.011 0.088 267.2 0.093 20.7
17 0.326 406.8 2.719 404.1 0.009 0.078 267.2 0.093 20.7
18 0.318 406.8 2.642 404.1 0.008 0.069 267.4 0.093 20.9
19 0.311 406.8 2.574 404.2 0.007 0.060 267.7 0.093 21.4
20 0.305 406.8 2.515 404.3 0.006 0.053 268.0 0.093 21.7
21 0.291 406.8 2.465 404.3 0.005 0.045 268.4 0.093 22.3
22 0.303 406.8 2.421 404.3 0.004 0.039 268.0 0.093 21.7
23 0.299 406.8 2.384 404.4 0.004 0.033 268.1 0.093 21.8
24 0.295 406.8 2.354 404.4 0.003 0.028 268.2 0.093 22.1
25 0.293 406.8 2.328 404.4 0.003 0.023 268.3 0.093 22.2
26 0.290 406.8 2.308 404.4 0.002 0.018 268.4 0.093 22.3
27 0.286 406.8 2.291 404.5 0.002 0.015 268.5 0.093 22.4
28 0.287 406.8 2.279 404.5 0.001 0.011 268.4 0.093 22.4
29 0.286 406.8 2.270 404.5 0.001 0.008 268.5 0.093 22.4
30 0.285 406.8 2.264 404.5 0.001 0.006 268.4 0.093 22.4
31 0.286 406.8 2.259 404.5 0.000 0.004 268.5 0.093 22.4
32 0.294 406.8 2.257 404.5 0.000 0.002 268.3 0.093 22.1
33 0.294 406.8 2.256 404.5 0.000 0.001 268.3 0.093 22.2
34 0.285 406.8 2.256 404.5 0.000 0.000 268.4 0.093 22.4
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – DX 25 15 
 
 
Figure A.77: Evaporator surface IR image 
 
Figure A.78: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
379.6 377.7 370.9 379.5 14.4 1.9
379.6 377.5 370.9 379.2 16.5 1.9
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
11.1 0.2 7.4 25.3 439.9
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.659 379.6 5.074 374.6 0.000 0.000 270.1 0.700 23.7
2 0.627 379.6 4.687 374.9 0.066 0.322 270.3 0.700 24.0
3 0.601 379.5 4.355 375.2 0.048 0.284 270.4 0.700 24.1
4 0.420 379.5 4.072 375.4 0.033 0.250 265.5 0.105 17.5
5 0.404 379.5 3.815 375.6 0.030 0.228 266.5 0.105 18.8
6 0.390 379.4 3.581 375.9 0.027 0.207 267.1 0.105 19.6
7 0.375 379.4 3.368 376.0 0.025 0.188 267.8 0.105 20.6
8 0.361 379.4 3.175 376.2 0.022 0.171 268.4 0.105 21.4
9 0.353 379.4 3.000 376.4 0.020 0.155 268.5 0.105 21.5
10 0.339 379.4 2.841 376.5 0.018 0.140 269.0 0.105 22.2
11 0.332 379.3 2.697 376.6 0.017 0.127 269.1 0.105 22.3
12 0.320 379.3 2.568 376.8 0.015 0.114 269.5 0.105 22.9
13 0.316 379.3 2.452 376.9 0.014 0.103 269.5 0.105 22.9
14 0.305 379.3 2.347 376.9 0.012 0.092 269.7 0.105 23.2
15 0.296 379.3 2.254 377.0 0.011 0.082 269.8 0.105 23.4
16 0.294 379.3 2.171 377.1 0.010 0.073 269.8 0.105 23.3
17 0.285 379.3 2.097 377.2 0.009 0.065 270.0 0.105 23.6
18 0.278 379.3 2.032 377.2 0.008 0.057 270.1 0.105 23.8
19 0.272 379.2 1.976 377.3 0.006 0.050 270.1 0.105 23.7
20 0.273 379.2 1.926 377.3 0.005 0.044 270.1 0.105 23.7
21 0.268 379.2 1.883 377.4 0.005 0.038 270.2 0.105 23.9
22 0.262 379.2 1.847 377.4 0.004 0.033 270.3 0.105 24.0
23 0.259 379.2 1.815 377.4 0.004 0.028 270.3 0.105 24.0
24 0.259 379.2 1.789 377.4 0.003 0.023 270.3 0.105 24.0
25 0.266 379.2 1.768 377.5 0.002 0.019 270.2 0.105 23.9
26 0.255 379.2 1.750 377.5 0.002 0.015 270.3 0.105 24.0
27 0.249 379.2 1.737 377.5 0.002 0.012 270.3 0.105 24.0
28 0.254 379.2 1.726 377.5 0.001 0.009 270.2 0.105 23.9
29 0.257 379.2 1.718 377.5 0.001 0.007 270.3 0.105 24.0
30 0.257 379.2 1.713 377.5 0.001 0.005 270.3 0.105 24.0
31 0.253 379.2 1.710 377.5 0.000 0.003 270.2 0.105 23.9
32 0.257 379.2 1.708 377.5 0.000 0.002 270.3 0.105 24.0
33 0.248 379.2 1.707 377.5 0.000 0.001 270.3 0.105 24.1
34 0.256 379.2 1.707 377.5 0.000 0.000 270.3 0.105 24.0
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – DX 25 20 
 
 
Figure A.79: Evaporator surface IR image 
 
Figure A.80: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
350.3 348.5 342.7 350.1 18.7 1.7
350.3 348.6 343.1 349.9 20.4 1.7
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
9.8 0.2 5.0 25.9 438.0
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 0.578 350.3 4.138 346.2 0.000 0.000 271.7 0.700 25.0
2 0.545 350.2 3.811 346.4 0.058 0.269 271.8 0.700 25.1
3 0.522 350.2 3.530 346.7 0.043 0.238 271.9 0.700 25.2
4 0.375 350.2 3.289 346.9 0.030 0.210 270.4 0.120 23.1
5 0.363 350.1 3.070 347.1 0.028 0.191 270.6 0.120 23.3
6 0.352 350.1 2.872 347.2 0.025 0.173 270.8 0.120 23.7
7 0.337 350.1 2.692 347.4 0.023 0.157 271.0 0.120 24.0
8 0.324 350.1 2.528 347.5 0.021 0.143 271.1 0.120 24.1
9 0.316 350.1 2.380 347.7 0.019 0.129 271.2 0.120 24.3
10 0.303 350.0 2.247 347.8 0.017 0.117 271.4 0.120 24.5
11 0.298 350.0 2.126 347.9 0.015 0.105 271.4 0.120 24.5
12 0.285 350.0 2.018 348.0 0.014 0.094 271.6 0.120 24.8
13 0.275 350.0 1.921 348.1 0.012 0.085 271.5 0.120 24.7
14 0.272 350.0 1.834 348.2 0.011 0.076 271.6 0.120 24.8
15 0.261 350.0 1.756 348.2 0.010 0.068 271.7 0.120 25.0
16 0.257 350.0 1.687 348.3 0.008 0.060 271.7 0.120 24.9
17 0.258 350.0 1.626 348.3 0.007 0.053 271.7 0.120 25.0
18 0.249 350.0 1.573 348.4 0.007 0.047 271.7 0.120 24.9
19 0.241 349.9 1.526 348.4 0.006 0.041 271.8 0.120 25.0
20 0.236 349.9 1.485 348.5 0.005 0.036 271.8 0.120 25.1
21 0.232 349.9 1.450 348.5 0.004 0.031 271.7 0.120 25.0
22 0.238 349.9 1.420 348.5 0.004 0.026 271.8 0.120 25.1
23 0.228 349.9 1.394 348.5 0.003 0.022 271.7 0.120 24.9
24 0.228 349.9 1.373 348.6 0.003 0.019 271.7 0.120 24.9
25 0.226 349.9 1.355 348.6 0.002 0.015 271.7 0.120 25.0
26 0.228 349.9 1.341 348.6 0.002 0.012 271.7 0.120 24.9
27 0.221 349.9 1.330 348.6 0.001 0.010 271.7 0.120 25.0
28 0.219 349.9 1.321 348.6 0.001 0.007 271.8 0.120 25.1
29 0.218 349.9 1.315 348.6 0.001 0.005 271.8 0.120 25.1
30 0.218 349.9 1.311 348.6 0.001 0.004 271.8 0.120 25.1
31 0.217 349.9 1.308 348.6 0.000 0.002 271.8 0.120 25.1
32 0.217 349.9 1.307 348.6 0.000 0.001 271.8 0.120 25.1
33 0.217 349.9 1.306 348.6 0.000 0.001 271.8 0.120 25.1
34 0.217 349.9 1.306 348.6 0.000 0.000 271.8 0.120 25.1
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – DX 35 5 
 
 
Figure A.81: Evaporator surface IR image 
 
Figure A.82: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
414.5 408.8 381.8 411.0 0.0 3.3
414.5 409.8 383.7 413.2 3.4 3.5
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
23.6 0.2 10.0 35.0 439.8
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 1.481 414.5 15.360 399.1 0.000 0.000 270.1 0.700 23.3
2 1.366 414.2 13.710 400.5 0.304 1.349 271.8 0.700 25.5
3 1.278 414.0 12.300 401.7 0.227 1.184 273.1 0.700 27.0
4 1.201 413.8 11.090 402.7 0.162 1.040 274.1 0.700 28.2
5 1.135 413.7 10.070 403.6 0.107 0.913 274.9 0.700 29.1
6 1.272 413.6 9.212 404.4 0.060 0.802 173.5 0.054 0.5
7 1.086 413.6 8.475 405.1 0.051 0.686 190.1 0.054 0.6
8 0.939 413.5 7.836 405.7 0.044 0.594 208.0 0.054 0.7
9 0.827 413.5 7.277 406.2 0.039 0.520 225.5 0.054 0.8
10 0.737 413.5 6.783 406.7 0.035 0.459 242.7 0.054 0.9
11 0.678 413.4 6.344 407.1 0.031 0.408 255.0 0.054 1.0
12 0.648 413.4 5.953 407.5 0.028 0.364 260.1 0.054 1.0
13 0.626 413.4 5.604 407.8 0.025 0.324 265.7 0.054 17.0
14 0.581 413.4 5.294 408.1 0.022 0.288 269.5 0.054 21.9
15 0.576 413.3 5.019 408.3 0.020 0.256 270.0 0.054 22.4
16 0.562 413.3 4.775 408.6 0.017 0.227 270.7 0.054 23.4
17 0.551 413.3 4.560 408.8 0.015 0.199 271.6 0.054 24.6
18 0.522 413.3 4.372 408.9 0.013 0.175 273.4 0.054 26.9
19 0.512 413.3 4.208 409.1 0.012 0.153 273.8 0.054 27.5
20 0.498 413.3 4.065 409.2 0.010 0.132 274.5 0.054 28.3
21 0.492 413.3 3.942 409.3 0.009 0.114 274.8 0.054 28.7
22 0.492 413.3 3.837 409.4 0.008 0.098 274.8 0.054 28.7
23 0.481 413.3 3.749 409.5 0.006 0.082 275.0 0.054 29.0
24 0.472 413.3 3.675 409.6 0.005 0.068 275.5 0.054 29.6
25 0.465 413.2 3.614 409.6 0.004 0.056 275.8 0.054 30.0
26 0.461 413.2 3.566 409.7 0.004 0.045 275.9 0.054 30.2
27 0.455 413.2 3.527 409.7 0.003 0.036 276.0 0.054 30.4
28 0.456 413.2 3.498 409.7 0.002 0.027 276.0 0.054 30.4
29 0.461 413.2 3.477 409.8 0.001 0.020 275.9 0.054 30.2
30 0.429 413.2 3.462 409.8 0.001 0.014 276.8 0.054 31.4
31 0.458 413.2 3.452 409.8 0.001 0.009 276.0 0.054 30.3
32 0.457 413.2 3.447 409.8 0.000 0.005 276.0 0.054 30.3
33 0.457 413.2 3.444 409.8 0.000 0.002 276.0 0.054 30.3
34 0.457 413.2 3.444 409.8 0.000 0.001 276.0 0.054 30.3
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – DX 35 10 
 
 
Figure A.83: Evaporator surface IR image 
 
Figure A.84: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
402.7 397.4 373.1 399.8 4.8 3.5
402.7 398.3 374.2 401.6 11.3 3.5
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
22.2 0.2 9.1 35.1 439.4
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 1.396 402.7 14.360 388.4 0.000 0.000 271.9 0.700 25.3
2 1.299 402.4 12.850 389.6 0.274 1.232 273.2 0.700 26.9
3 1.213 402.2 11.570 390.7 0.204 1.080 274.4 0.700 28.3
4 1.146 402.1 10.470 391.6 0.144 0.948 275.2 0.700 29.2
5 1.087 402.0 9.550 392.4 0.093 0.831 275.8 0.700 30.0
6 1.086 401.9 8.772 393.2 0.050 0.728 192.4 0.050 0.6
7 0.934 401.9 8.097 393.8 0.044 0.632 211.5 0.050 0.7
8 0.800 401.9 7.503 394.4 0.039 0.555 233.8 0.050 0.9
9 0.714 401.8 6.976 394.9 0.034 0.493 251.3 0.050 0.9
10 0.673 401.8 6.505 395.3 0.031 0.441 258.9 0.050 1.0
11 0.651 401.8 6.083 395.7 0.028 0.394 264.7 0.050 15.3
12 0.622 401.7 5.706 396.0 0.025 0.352 267.5 0.050 19.0
13 0.600 401.7 5.371 396.4 0.022 0.314 269.2 0.050 21.2
14 0.582 401.7 5.072 396.6 0.020 0.279 270.6 0.050 23.0
15 0.547 401.7 4.807 396.9 0.017 0.247 272.7 0.050 25.6
16 0.540 401.7 4.572 397.1 0.016 0.219 273.2 0.050 26.3
17 0.529 401.7 4.365 397.3 0.014 0.193 273.8 0.050 27.1
18 0.508 401.6 4.184 397.5 0.012 0.170 274.8 0.050 28.4
19 0.503 401.6 4.025 397.6 0.011 0.148 275.0 0.050 28.7
20 0.487 401.6 3.888 397.7 0.009 0.128 275.5 0.050 29.4
21 0.469 401.6 3.769 397.8 0.008 0.111 276.2 0.050 30.2
22 0.466 401.6 3.668 397.9 0.007 0.095 276.1 0.050 30.2
23 0.463 401.6 3.582 398.0 0.006 0.080 276.3 0.050 30.3
24 0.455 401.6 3.510 398.1 0.005 0.067 276.6 0.050 30.8
25 0.449 401.6 3.451 398.1 0.004 0.055 276.8 0.050 31.1
26 0.457 401.6 3.404 398.2 0.003 0.044 276.6 0.050 30.8
27 0.451 401.6 3.366 398.2 0.002 0.035 276.8 0.050 31.0
28 0.447 401.6 3.338 398.3 0.002 0.027 276.9 0.050 31.2
29 0.438 401.6 3.317 398.3 0.001 0.019 276.9 0.050 31.2
30 0.443 401.6 3.303 398.3 0.001 0.014 277.0 0.050 31.3
31 0.442 401.6 3.294 398.3 0.001 0.009 277.0 0.050 31.3
32 0.441 401.6 3.288 398.3 0.000 0.005 277.0 0.050 31.3
33 0.441 401.6 3.286 398.3 0.000 0.002 277.0 0.050 31.3
34 0.441 401.6 3.286 398.3 0.000 0.001 277.0 0.050 31.3
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – DX 35 15 
 
 
Figure A.85: Evaporator surface IR image 
 
Figure A.86: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
397.7 392.7 369.9 394.9 11.8 3.5
397.7 393.5 370.9 396.6 15.2 3.4
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
21.4 0.2 8.7 35.1 439.4
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 1.338 397.7 13.630 384.1 0.000 0.000 272.9 0.700 26.3
2 1.252 397.5 12.220 385.2 0.259 1.151 274.0 0.700 27.7
3 1.177 397.3 11.020 386.2 0.193 1.009 275.0 0.700 28.8
4 1.110 397.1 9.994 387.1 0.137 0.885 275.7 0.700 29.7
5 1.050 397.0 9.130 387.9 0.089 0.775 276.3 0.700 30.5
6 0.966 397.0 8.403 388.6 0.048 0.679 208.8 0.051 0.7
7 0.841 396.9 7.765 389.2 0.042 0.595 228.5 0.051 0.8
8 0.749 396.9 7.200 389.7 0.038 0.528 246.1 0.051 0.9
9 0.689 396.9 6.696 390.2 0.034 0.471 258.0 0.051 1.0
10 0.659 396.8 6.245 390.6 0.030 0.421 264.8 0.051 15.3
11 0.633 396.8 5.841 391.0 0.027 0.377 267.1 0.051 18.3
12 0.606 396.8 5.481 391.3 0.024 0.336 269.3 0.051 21.2
13 0.585 396.8 5.160 391.6 0.022 0.299 270.7 0.051 22.9
14 0.557 396.7 4.875 391.9 0.019 0.266 272.5 0.051 25.3
15 0.541 396.7 4.621 392.1 0.017 0.236 273.6 0.051 26.7
16 0.528 396.7 4.397 392.3 0.015 0.209 274.0 0.051 27.2
17 0.506 396.7 4.199 392.5 0.013 0.184 275.1 0.051 28.7
18 0.498 396.7 4.026 392.7 0.012 0.162 275.3 0.051 28.9
19 0.482 396.7 3.874 392.8 0.010 0.141 276.0 0.051 29.9
20 0.479 396.7 3.743 392.9 0.009 0.123 276.1 0.051 30.0
21 0.465 396.7 3.629 393.0 0.008 0.105 276.5 0.051 30.5
22 0.455 396.7 3.533 393.1 0.007 0.090 276.9 0.051 31.0
23 0.455 396.7 3.451 393.2 0.006 0.076 276.9 0.051 31.0
24 0.449 396.6 3.383 393.3 0.005 0.063 277.0 0.051 31.2
25 0.442 396.6 3.327 393.3 0.004 0.052 277.1 0.051 31.3
26 0.436 396.6 3.283 393.4 0.003 0.042 277.3 0.051 31.6
27 0.432 396.6 3.248 393.4 0.002 0.033 277.4 0.051 31.7
28 0.429 396.6 3.221 393.4 0.002 0.025 277.5 0.051 31.8
29 0.428 396.6 3.201 393.4 0.001 0.018 277.5 0.051 31.9
30 0.426 396.6 3.188 393.4 0.001 0.013 277.6 0.051 32.0
31 0.425 396.6 3.179 393.5 0.001 0.008 277.6 0.051 32.0
32 0.425 396.6 3.174 393.5 0.000 0.005 277.6 0.051 32.0
33 0.425 396.6 3.172 393.5 0.000 0.002 277.6 0.051 32.0
34 0.425 396.6 3.172 393.5 0.000 0.001 277.6 0.051 32.0
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – DX 35 20 
 
 
Figure A.87: Evaporator surface IR image 
 
Figure A.88: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
384.7 379.7 358.6 381.9 16.9 3.4
384.7 380.8 360.0 383.7 21.3 3.3
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
20.1 0.2 7.8 35.1 439.2
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 1.269 384.7 12.680 372.1 0.000 0.000 274.2 0.700 27.6
2 1.182 384.5 11.380 373.1 0.238 1.052 275.3 0.700 28.9
3 1.112 384.3 10.290 374.0 0.178 0.922 276.0 0.700 29.8
4 1.054 384.2 9.352 374.8 0.126 0.808 276.6 0.700 30.5
5 0.994 384.1 8.563 375.6 0.082 0.707 277.2 0.700 31.2
6 0.805 384.1 7.901 376.2 0.044 0.618 239.7 0.053 0.9
7 0.713 384.0 7.311 376.7 0.040 0.551 257.5 0.053 1.0
8 0.691 384.0 6.781 377.2 0.036 0.494 263.3 0.053 13.1
9 0.647 384.0 6.307 377.7 0.032 0.442 267.7 0.053 18.7
10 0.619 383.9 5.881 378.3 0.029 0.396 269.9 0.053 21.5
11 0.604 383.9 5.500 378.4 0.026 0.355 270.7 0.053 22.6
12 0.582 383.9 5.160 378.7 0.023 0.317 272.2 0.053 24.6
13 0.553 383.9 4.857 379.0 0.021 0.282 273.8 0.053 26.6
14 0.535 383.8 4.587 379.3 0.018 0.251 274.7 0.053 27.8
15 0.522 383.8 4.348 379.5 0.016 0.223 275.1 0.053 28.4
16 0.493 383.8 4.136 379.7 0.015 0.197 276.2 0.053 29.8
17 0.490 383.8 3.949 379.9 0.013 0.174 276.2 0.053 29.8
18 0.472 383.8 3.785 380.0 0.011 0.153 276.9 0.053 30.8
19 0.468 383.8 3.642 380.1 0.010 0.134 277.0 0.053 30.9
20 0.452 383.8 3.517 380.3 0.009 0.116 277.4 0.053 31.4
21 0.441 383.8 3.410 380.4 0.007 0.100 277.7 0.053 31.8
22 0.434 383.8 3.319 380.4 0.006 0.085 277.8 0.053 31.9
23 0.438 383.8 3.241 380.5 0.005 0.072 277.7 0.053 31.9
24 0.425 383.8 3.177 380.6 0.005 0.060 277.9 0.053 32.1
25 0.420 383.7 3.124 380.6 0.004 0.049 278.1 0.053 32.3
26 0.415 383.7 3.081 380.7 0.003 0.040 278.2 0.053 32.5
27 0.424 383.7 3.048 380.7 0.002 0.031 278.0 0.053 32.2
28 0.410 383.7 3.023 380.7 0.002 0.024 278.3 0.053 32.6
29 0.408 383.7 3.004 380.7 0.001 0.017 278.3 0.053 32.6
30 0.407 383.7 2.991 380.7 0.001 0.012 278.3 0.053 32.6
31 0.407 383.7 2.983 380.8 0.001 0.008 278.3 0.053 32.6
32 0.406 383.7 2.978 380.8 0.000 0.004 278.3 0.053 32.6
33 0.415 383.7 2.976 380.8 0.000 0.002 278.2 0.053 32.5
34 0.405 383.7 2.975 380.8 0.000 0.000 278.3 0.053 32.6
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – DX 40 5 
 
 
Figure A.89: Evaporator surface IR image 
 
Figure A.90: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
447.3 439.3 403.2 441.9 3.3 4.0
447.3 441.7 408.0 445.3 6.1 4.0
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
27.9 0.3 12.3 40.8 438.0
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 1.797 447.3 19.070 428.2 0.000 0.000 270.6 0.700 24.4
2 1.664 446.8 16.850 429.9 0.463 1.761 272.8 0.700 26.9
3 1.559 446.4 14.950 431.5 0.357 1.538 274.4 0.700 28.8
4 1.457 446.2 13.340 432.8 0.266 1.344 275.9 0.700 30.6
5 1.350 446.0 11.980 434.0 0.189 1.175 277.4 0.700 32.3
6 1.269 445.9 10.820 435.0 0.125 1.030 278.4 0.700 33.5
7 1.465 445.8 9.851 435.9 0.071 0.902 175.2 0.057 0.5
8 1.247 445.7 9.025 436.7 0.060 0.766 192.0 0.057 0.6
9 1.075 445.7 8.314 437.4 0.052 0.659 210.0 0.057 0.7
10 0.913 445.6 7.695 437.9 0.045 0.573 232.7 0.057 0.8
11 0.830 445.6 7.150 438.4 0.040 0.505 247.2 0.057 0.9
12 0.767 445.6 6.668 438.9 0.036 0.447 258.6 0.057 1.0
13 0.733 445.5 6.240 439.3 0.032 0.397 266.3 0.057 17.9
14 0.700 445.5 5.860 439.6 0.028 0.351 269.5 0.057 21.8
15 0.681 445.5 5.525 439.9 0.025 0.311 271.1 0.057 23.9
16 0.660 445.4 5.229 440.1 0.022 0.273 272.8 0.057 26.1
17 0.629 445.4 4.970 440.5 0.019 0.240 274.9 0.057 28.7
18 0.602 445.4 4.744 440.7 0.017 0.210 276.5 0.057 30.6
19 0.583 445.4 4.546 440.9 0.015 0.183 277.3 0.057 31.7
20 0.567 445.4 4.374 441.0 0.013 0.159 278.3 0.057 33.0
21 0.565 445.4 4.227 441.1 0.011 0.137 278.3 0.057 33.0
22 0.556 445.4 4.100 441.3 0.010 0.117 278.6 0.057 33.4
23 0.539 445.4 3.994 441.4 0.008 0.098 279.4 0.057 34.4
24 0.525 445.3 3.905 441.4 0.007 0.082 279.8 0.057 35.0
25 0.541 445.3 3.832 441.5 0.006 0.068 279.3 0.057 34.3
26 0.526 445.3 3.773 441.6 0.005 0.054 279.8 0.057 34.9
27 0.510 445.3 3.727 441.7 0.004 0.043 280.4 0.057 35.7
28 0.514 445.3 3.692 441.6 0.003 0.033 280.2 0.057 35.4
29 0.520 445.3 3.666 441.7 0.002 0.024 279.9 0.057 35.1
30 0.517 445.3 3.648 441.7 0.001 0.017 280.1 0.057 35.2
31 0.518 445.3 3.636 441.7 0.001 0.011 280.0 0.057 35.2
32 0.515 445.3 3.630 441.7 0.000 0.006 280.1 0.057 35.4
33 0.515 445.3 3.627 441.7 0.000 0.003 280.2 0.057 35.4
34 0.515 445.3 3.626 441.7 0.000 0.001 280.2 0.057 35.4
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – DX 40 10 
 
 
Figure A.91: Evaporator surface IR image 
 
Figure A.92: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
438.2 430.5 396.7 433.2 10.1 4.0
438.2 432.9 400.7 436.4 10.5 4.0
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
26.9 0.3 11.7 40.7 438.0
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 1.735 438.2 18.310 419.9 0.000 0.000 271.8 0.700 25.6
2 1.608 437.8 16.210 421.6 0.438 1.668 273.9 0.700 27.9
3 1.496 437.5 14.410 423.0 0.337 1.457 275.5 0.700 29.9
4 1.393 437.2 12.890 424.3 0.252 1.274 276.9 0.700 31.6
5 1.311 437.0 11.590 425.4 0.179 1.116 278.0 0.700 32.8
6 1.237 436.9 10.500 426.4 0.118 0.977 278.9 0.700 33.9
7 1.331 436.8 9.579 427.3 0.066 0.854 185.8 0.056 0.6
8 1.138 436.8 8.790 428.0 0.057 0.732 204.0 0.056 0.7
9 0.981 436.7 8.106 428.6 0.049 0.636 223.9 0.056 0.8
10 0.866 436.7 7.504 429.2 0.044 0.558 242.4 0.056 0.9
11 0.788 436.7 6.972 429.7 0.039 0.493 256.7 0.056 1.0
12 0.749 436.6 6.500 430.1 0.034 0.438 265.3 0.056 16.5
13 0.718 436.6 6.080 430.5 0.031 0.389 268.4 0.056 20.3
14 0.661 436.6 5.708 430.9 0.027 0.345 273.2 0.056 26.3
15 0.659 436.5 5.378 431.2 0.024 0.306 273.3 0.056 26.4
16 0.646 436.5 5.086 431.4 0.021 0.270 274.1 0.056 27.5
17 0.614 436.5 4.830 431.7 0.019 0.237 276.1 0.056 30.0
18 0.604 436.5 4.606 431.9 0.017 0.208 276.8 0.056 30.8
19 0.584 436.5 4.411 432.1 0.014 0.181 277.7 0.056 32.0
20 0.564 436.5 4.242 432.2 0.013 0.156 278.6 0.056 33.1
21 0.553 436.4 4.097 432.3 0.011 0.134 279.0 0.056 33.7
22 0.539 436.4 3.973 432.5 0.009 0.115 279.6 0.056 34.5
23 0.549 436.4 3.868 432.6 0.008 0.097 279.2 0.056 34.0
24 0.527 436.4 3.781 432.6 0.007 0.080 279.9 0.056 34.8
25 0.517 436.4 3.710 432.7 0.005 0.066 280.3 0.056 35.4
26 0.511 436.4 3.653 432.8 0.004 0.053 280.6 0.056 35.7
27 0.505 436.4 3.607 432.8 0.003 0.042 280.7 0.056 35.9
28 0.505 436.4 3.573 432.8 0.002 0.032 280.7 0.056 35.9
29 0.501 436.4 3.548 432.9 0.002 0.024 280.8 0.056 36.0
30 0.517 436.4 3.530 432.9 0.001 0.016 280.3 0.056 35.4
31 0.500 436.4 3.519 432.9 0.001 0.010 280.8 0.056 36.0
32 0.515 436.4 3.512 432.9 0.000 0.006 280.4 0.056 35.5
33 0.500 436.4 3.510 432.9 0.000 0.003 280.8 0.056 36.0
34 0.500 436.4 3.509 432.9 0.000 0.001 280.7 0.056 35.9
Model Inputs
Detailed Model Results
Model Results
Experimental Results
106 
 
Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – DX 40 15 
 
 
Figure A.93: Evaporator surface IR image 
 
Figure A.94: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
426.1 418.7 386.1 421.4 14.2 4.0
426.1 420.9 390.5 424.3 16.0 3.9
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
25.8 0.3 10.8 40.6 438.2
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 1.664 426.1 17.510 408.6 0.000 0.000 273.4 0.700 27.1
2 1.544 425.7 15.530 410.1 0.414 1.570 275.1 0.700 29.2
3 1.439 425.4 13.840 411.5 0.319 1.371 276.6 0.700 30.9
4 1.347 425.1 12.400 412.7 0.238 1.198 277.8 0.700 32.4
5 1.268 424.9 11.180 413.8 0.170 1.048 278.8 0.700 33.5
6 1.193 424.8 10.160 414.7 0.111 0.916 279.6 0.700 34.5
7 1.170 424.8 9.294 415.5 0.062 0.800 203.1 0.057 0.7
8 1.015 424.7 8.546 416.2 0.054 0.694 222.1 0.057 0.8
9 0.885 424.7 7.889 416.8 0.048 0.609 242.5 0.057 0.9
10 0.803 424.6 7.308 417.3 0.042 0.539 257.1 0.057 1.0
11 0.763 424.6 6.790 417.8 0.038 0.480 265.7 0.057 16.6
12 0.724 424.6 6.331 418.2 0.034 0.426 269.4 0.057 21.2
13 0.707 424.5 5.922 418.6 0.030 0.379 270.5 0.057 22.6
14 0.671 424.5 5.561 418.9 0.026 0.335 273.3 0.057 26.1
15 0.627 424.5 5.241 419.2 0.024 0.296 276.2 0.057 29.8
16 0.617 424.5 4.959 419.5 0.021 0.262 277.5 0.057 31.6
17 0.600 424.4 4.710 419.7 0.018 0.230 277.5 0.057 31.5
18 0.577 424.4 4.493 419.9 0.016 0.201 278.4 0.057 32.6
19 0.571 424.4 4.303 420.1 0.014 0.176 278.8 0.057 33.1
20 0.548 424.4 4.139 420.3 0.012 0.152 279.7 0.057 34.4
21 0.545 424.4 3.998 420.4 0.011 0.131 279.8 0.057 34.4
22 0.526 424.4 3.878 420.5 0.009 0.111 280.5 0.057 35.4
23 0.517 424.4 3.776 420.6 0.008 0.094 280.8 0.057 35.7
24 0.504 424.4 3.691 420.7 0.006 0.078 281.0 0.057 36.0
25 0.505 424.4 3.622 420.7 0.005 0.064 281.0 0.057 36.0
26 0.496 424.4 3.566 420.8 0.004 0.052 281.3 0.057 36.4
27 0.503 424.3 3.521 420.8 0.003 0.041 281.1 0.057 36.1
28 0.510 424.3 3.488 420.9 0.002 0.031 280.8 0.057 35.8
29 0.488 424.3 3.464 420.9 0.002 0.023 281.5 0.057 36.7
30 0.493 424.3 3.447 420.9 0.001 0.016 281.4 0.057 36.6
31 0.485 424.3 3.436 420.9 0.001 0.010 281.6 0.057 36.8
32 0.496 424.3 3.430 420.9 0.000 0.006 281.3 0.057 36.4
33 0.485 424.3 3.427 420.9 0.000 0.002 281.9 0.057 37.1
34 0.485 424.3 3.426 420.9 0.000 0.001 281.6 0.057 36.8
Model Inputs
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Configuration Target Air Temperature (°C) Target Superheat (°C) 
Same Side – DX 40 20 
 
 
Figure A.95: Evaporator surface IR image 
 
Figure A.96: Model predicted surface temperatures 
P-1 (kPa) P-2 (kPa) P-3 (kPa) P-4 (kPa)
Outlet Superheat 
(°C)
Cooling 
Capacity (kW)
406.9 399.9 372.8 402.6 19.4 3.9
406.9 401.9 373.3 405.2 23.1 3.9
Total Mass Flow 
Rate (g/s) Quality
Init. Refrigerant 
Temp. (°C) Init. Air Temp. (°C)
Air Flow Rate 
(ft3/min)
24.4 0.3 9.4 40.8 437.5
Tube 
Number
Tube Mass Flow 
Rate (g/s)
Inlet Tube 
Pressure (kPa)
Tube Pressure 
Drop (kPa)
Outlet Tube 
Pressure (kPa)
Inlet Header 
Pressure Drop (kPa)
Outlet Header 
Pressure Drop (kPa)
Outlet Tube 
Enthalpy (kJ/kg)
Inlet 
Quality
Superheat (°C) / 
Exit Quality
1 1.579 406.9 16.680 390.2 0.000 0.000 275.4 0.700 29.0
2 1.471 406.5 14.810 391.7 0.393 1.474 276.9 0.700 30.8
3 1.369 406.2 13.230 393.0 0.303 1.287 278.2 0.700 32.4
4 1.283 406.0 11.870 394.1 0.226 1.124 279.3 0.700 33.6
5 1.209 405.8 10.730 395.1 0.162 0.982 280.1 0.700 34.6
6 1.141 405.7 9.767 395.9 0.107 0.857 280.8 0.700 35.5
7 0.994 405.6 8.959 396.7 0.060 0.748 231.4 0.060 0.8
8 0.865 405.6 8.247 397.3 0.053 0.659 252.6 0.060 1.0
9 0.810 405.5 7.614 397.9 0.047 0.586 266.6 0.060 17.3
10 0.773 405.5 7.050 398.5 0.042 0.522 267.6 0.060 18.4
11 0.732 405.5 6.548 398.9 0.038 0.464 271.1 0.060 22.9
12 0.693 405.4 6.102 399.3 0.034 0.412 274.0 0.060 26.5
13 0.674 405.4 5.706 399.7 0.030 0.367 274.9 0.060 27.6
14 0.652 405.4 5.354 400.0 0.027 0.325 276.5 0.060 29.7
15 0.614 405.4 5.044 400.3 0.024 0.286 278.4 0.060 32.1
16 0.596 405.3 4.771 400.6 0.021 0.253 279.0 0.060 32.9
17 0.573 405.3 4.530 400.8 0.018 0.222 279.9 0.060 34.0
18 0.554 405.3 4.320 401.0 0.016 0.195 280.6 0.060 35.0
19 0.554 405.3 4.136 401.1 0.014 0.170 280.6 0.060 35.0
20 0.533 405.3 3.977 401.3 0.012 0.146 281.1 0.060 35.6
21 0.516 405.3 3.841 401.4 0.011 0.126 281.7 0.060 36.4
22 0.504 405.3 3.725 401.5 0.009 0.107 281.9 0.060 36.6
23 0.504 405.2 3.627 401.6 0.008 0.091 281.8 0.060 36.5
24 0.494 405.2 3.545 401.7 0.006 0.075 282.2 0.060 37.0
25 0.485 405.2 3.478 401.8 0.005 0.062 282.4 0.060 37.3
26 0.480 405.2 3.424 401.8 0.004 0.050 282.5 0.060 37.5
27 0.474 405.2 3.382 401.8 0.003 0.039 282.6 0.060 37.6
28 0.472 405.2 3.350 401.9 0.002 0.030 282.6 0.060 37.6
29 0.470 405.2 3.326 401.9 0.002 0.022 282.5 0.060 37.5
30 0.469 405.2 3.309 401.9 0.001 0.015 282.6 0.060 37.5
31 0.477 405.2 3.299 401.9 0.001 0.010 282.6 0.060 37.6
32 0.469 405.2 3.293 401.9 0.000 0.005 282.6 0.060 37.6
33 0.468 405.2 3.290 401.9 0.000 0.002 282.6 0.060 37.6
34 0.469 405.2 3.290 401.9 0.000 0.001 282.6 0.060 37.6
Model Inputs
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Appendix B: Detailed Experimental Results 
 
The data taken in the experimental facility is presented below. The data were taken in the facility that 
Milosevic (2010) described, and the data were processed with the EES code that Milosevic (2010) wrote. 
It is presented in the following way: 
1. Opposite Side Configuration – FGB 
2. Opposite Side Configuration – DX 
3. Same Side Configuration – FGB 
4. Same Side Configuration – DX 
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Table B1: Opposite Side – FGB Configuration 
 
Air Temperature 25 25 25 25 35 35 35 35 40 40 40 40
Superheat 5 10 15 20 5 10 15 20 5 10 15 20
AFR_scfm_e1 221.4 221.7 221.4 220.9 220.1 220.1 219.9 219.6 218.8 218.9 218.8 218.5
AFR_scfm_e2 221.8 222.2 221.8 221.3 220.6 220.5 220.4 220.1 219.3 219.3 219.2 219
AFR_scfm_indoor 443.2 443.9 443.2 442.2 440.7 440.6 440.3 439.7 438.1 438.2 438 437.5
DPen 684.4 686 685.4 685.9 686.7 686.7 686.7 686.7 686.8 686.8 686.8 686.8
DP (1-3) 7.644 7.185 6.301 5.171 18.12 17.64 16.43 14.85 24.18 23.74 23.17 21.67
DP (1-2) 2.51 2.34 2.3 2 2.866 2.806 2.715 2.599 2.957 2.999 3.001 2.893
DP (2-4) 0.9927 1.051 0.9799 0.9728 1.622 1.462 1.378 1.443 1.624 1.653 1.624 1.784
DP (3-4) 6.081 5.688 5.109 4.275 16.89 16.28 14.97 13.54 22.8 22.46 21.51 20.04
DTsup_ero 0.5912 7.388 14.51 19.93 -0.1057 3.466 13.95 20.71 4.798 7.278 14.61 21.21
D_e1 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342
D_e2 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348
heai 47.8 45.1 43.67 43.69 57.2 56.32 55.76 54.4 63.26 62.8 62.64 60.93
hean 39.55 37.7 36.65 37.84 43.51 42.88 42.74 42.19 47.59 47.14 47.06 46.32
heri 106.4 106.6 103 101 108.3 107.8 107.2 106.4 120.8 120.5 120 118.5
hero 258.7 259.5 265.1 267.3 257.7 260.8 265.3 268.7 260 260.9 262.9 266
hxri 106.4 106.6 103 101 108.3 107.8 107.2 106.4 120.8 120.5 120 118.5
h_liq_in 65.98 63.99 61.21 56.85 64.62 63.6 62.31 59.93 62.61 62.17 61.31 58.96
h_vap_in 256.4 255.6 254.5 252.7 255.9 255.5 254.9 254 255.1 254.9 254.5 253.5
ma_dry_e1 0.1244 0.1246 0.1245 0.1243 0.1236 0.1237 0.1236 0.1235 0.1229 0.1229 0.1229 0.1228
ma_dry_e2 0.1246 0.1249 0.1248 0.1245 0.1239 0.1239 0.1239 0.1238 0.1232 0.1232 0.1232 0.1231
Ma_indoor_dry 0.249 0.2495 0.2493 0.2488 0.2476 0.2476 0.2475 0.2473 0.2461 0.2461 0.2461 0.2459
Mr 13.29 12.57 10.97 9.044 23.32 22.38 21.09 19.3 28.89 28.55 27.68 25.68
Pen 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6
Peri 420.6 400.6 374 334.6 406.9 396.8 384.4 362 387.2 383 374.9 353.3
Pero 413.5 394.2 367.9 329.3 390.3 380 369 347.9 363.7 360.4 352.3 332.7
Pxri 1142 1111 1095 1070 1456 1436 1409 1367 1800 1792 1778 1722
Qindoor_air 2.178 1.959 1.852 1.53 3.605 3.537 3.425 3.206 4.093 4.09 4.062 3.809
Qindoor_avg 2.083 1.923 1.792 1.493 3.513 3.441 3.333 3.118 4.007 3.996 3.95 3.729
Qindoor_chamber 2.181 1.667 1.761 1.465 3.604 3.638 3.449 3.169 4.12 4.152 4.12 3.966
Qindoor_ref 1.988 1.886 1.733 1.457 3.421 3.345 3.242 3.03 3.922 3.902 3.838 3.65
Qleak_duct 0.1272 0.1178 0.1073 0.08117 0.2189 0.2148 0.2066 0.1912 0.2455 0.2451 0.2382 0.2255
Tdpei 11.67 10.29 8.855 8.748 11.31 10.71 10.27 9.213 11.96 11.66 11.5 10.31
Tdpen 11.17 9.835 8.394 8.121 10.85 10.27 9.813 8.717 11.3 11 10.76 9.622
Teai 25.87 25.11 25.51 25.66 35.57 35.53 35.57 35.6 40.56 40.54 40.62 40.57
Teao1 19.81 20.55 23.13 24.77 24.9 26.06 27.87 30.41 30.38 30.64 31.69 33.71
Teao11 17.76 18.83 22.06 24.59 19.98 21.55 22.81 26.52 23.31 23.53 24.18 27.09
Teao12 19.34 20.21 22.97 24.74 23.14 24.57 26.82 29.94 28.86 29.13 31.19 33.76
Teao13 20.81 21.35 23.64 24.83 27.3 28.37 30.32 32.23 33.86 34.1 35.38 36.72
Teao14 21.33 21.8 23.85 24.91 29.17 29.76 31.52 32.96 35.51 35.82 36 37.27
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Table B1: Opposite Side – FGB Configuration (continued) 
Table B2: Opposite Side – DX Configuration 
 
Air Temperature 25 25 25 25 35 35 35 35 40 40 40 40
Superheat 5 10 15 20 5 10 15 20 5 10 15 20
Teao2 17.42 18.07 20.96 23.99 20.97 21.83 23.47 26.27 25.76 25.84 27.54 29.18
Teao21 15.52 15.7 18.78 23.18 16.72 17.16 17.59 20.07 17.47 16.56 18.92 19.57
Teao22 17.63 18.4 21.46 24.31 20.4 21.62 23.45 26.54 25.1 25.7 27.88 29.45
Teao23 17.84 18.67 21.32 23.87 22.03 23.14 25.13 28.05 28.68 28.83 31.16 33.05
Teao24 18.7 19.52 22.29 24.59 24.75 25.42 27.72 30.43 31.78 32.29 32.19 34.66
Teao3 14.43 13.78 14.9 18.84 15.98 15.81 15.91 16.75 17.26 17.2 18.2 18.54
Teao31 13.75 12.55 12.31 16.64 14.51 14.09 13.23 12.32 13.9 13.8 13.45 12.8
Teao32 14.71 14.34 15.91 19.42 15.99 15.89 16.22 17.51 17.27 16.78 18.61 18.82
Teao33 14.55 13.87 14.92 18.87 16.4 16.24 16.37 17.25 18.06 18.05 19.54 19.23
Teao34 14.7 14.36 16.47 20.45 17.03 17.01 17.81 19.93 19.83 20.17 21.2 23.3
Teao4 13.82 12.2 11.41 12.06 14.92 14.27 13.65 12.6 15.59 15.44 15 14.33
Teao41 13.33 11.6 10.45 10.37 14.56 13.97 13.1 11.91 14.67 14.6 13.77 12.8
Teao42 13.65 11.95 10.9 10.25 15.04 14.4 13.77 12.48 14.9 14.75 14.45 13.24
Teao43 13.96 12.55 11.76 12.25 15.01 14.21 13.87 12.97 15.68 15.53 15 14.72
Teao44 14.32 12.69 12.54 15.37 15.07 14.51 13.84 13.05 17.09 16.87 16.79 16.55
Teao_avg 16.37 16.15 17.6 19.91 19.19 19.49 20.22 21.51 22.25 22.28 23.11 23.94
Ten 18.34 18.32 19.06 20.55 22.67 22.83 23.28 24.11 26.03 26 26.26 27.04
Ten1 18.36 18.35 19.08 20.56 22.71 22.88 23.33 24.17 26.09 26.06 26.32 27.1
Ten2 18.33 18.3 19.05 20.54 22.62 22.78 23.24 24.06 25.98 25.95 26.21 26.98
Teri 10.24 8.788 6.851 3.765 9.392 8.612 7.737 5.994 7.695 7.436 6.771 5.132
Teri_sat 10.41 8.958 6.929 3.717 9.416 8.675 7.736 5.984 7.951 7.628 7.003 5.275
Tero 10.49 15.87 20.97 23.2 8.077 10.86 20.49 25.55 10.91 13.13 19.81 24.77
Tero_sat 9.9 8.481 6.455 3.269 8.182 7.394 6.541 4.835 6.115 5.856 5.2 3.56
Txri 38.74 38.89 36.45 35.12 40.06 39.76 39.35 38.79 48.37 48.19 47.87 46.87
UA_air 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95
We 2207 1690 1788 1491 3694 3720 3533 3256 4233 4271 4229 4083
Wei 0.008538 0.00778 0.007058 0.007007 0.008335 0.008006 0.007773 0.007233 0.008706 0.008534 0.008442 0.007795
Wen 0.008316 0.007598 0.006886 0.006758 0.008137 0.007826 0.007587 0.00704 0.008389 0.008223 0.008087 0.007489
Xoil 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015
x_in 0.2121 0.2224 0.2162 0.2257 0.2283 0.2306 0.2332 0.2396 0.3022 0.3027 0.3038 0.306
Air Temperature 25 25 25 25 35 35 35 35 40 40 40 40
Superheat 5 10 15 20 5 10 15 20 5 10 15 20
AFR_scfm_e1 222.5 222.6 222.4 222.2 219.5 219.6 219.5 219.4 218.2 218.3 217.8 217.8
AFR_scfm_e2 222.9 223 222.9 222.7 220 220 219.9 219.9 218.7 218.7 218.3 218.3
AFR_scfm_indoor 445.4 445.5 445.3 444.9 439.5 439.6 439.4 439.3 436.9 437 436.1 436.1
DPen 686.7 686.9 686.9 686.8 686.9 686.8 686.8 686.9 686.9 686.9 686.9 686.9
DP (1-3) 18.16 17.55 16.92 15.41 26.89 25.03 23.6 23.63 38.26 35.09 31.9 30.97
DP (1-2) 3.294 3.134 3.079 2.824 4.473 4.272 4.016 4.046 6.485 6.23 5.805 5.71
DP (2-4) 1.18 1.109 1.324 1.126 1.335 1.297 1.286 1.353 1.609 1.491 1.754 1.41
DP (3-4) 15.98 15.05 13.94 12.83 23.25 21.91 21.13 20.5 33.1 30.97 31.12 27.49
DTsup_ero -0.08887 2.574 11.42 16.03 -0.2246 2.778 9.553 16.81 -0.647 2.619 4.939 12.34
D_e1 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342
D_e2 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348
heai 39 38.71 38.26 37.55 52.24 51.92 52.05 51.75 62.28 61.42 60.03 60.24
hean 29.98 29.79 29.6 29.41 40.74 40.21 40.45 40.48 48.27 47.35 47.46 47.65
heri 104.1 103.6 103.3 102.8 105.9 106 105.8 104.7 116 115.3 114.1 114
hero 254.9 257.8 261.1 264.2 254.6 260.1 263.8 266.9 254.1 259.9 261.7 265.3
hxri 104.1 103.6 103.3 102.8 105.9 106 105.8 104.7 116 115.3 114.1 114
h_liq_in 56.75 55.86 54.67 52.6 60.91 60.79 60 58.1 64.25 62.74 60.13 59.62
h_vap_in 252.6 252.2 251.7 250.8 254.4 254.3 254 253.2 255.7 255.1 254 253.8
ma_dry_e1 0.1254 0.1254 0.1254 0.1253 0.1236 0.1236 0.1235 0.1235 0.1226 0.1227 0.1225 0.1225
ma_dry_e2 0.1256 0.1257 0.1256 0.1255 0.1238 0.1239 0.1238 0.1238 0.1229 0.1229 0.1227 0.1227
Ma_indoor_dry 0.251 0.2511 0.251 0.2508 0.2474 0.2474 0.2473 0.2473 0.2455 0.2456 0.2452 0.2452
Mr 15.84 15.26 14.47 13.32 20.17 19.58 18.95 17.84 24.85 23.43 21.49 21.08
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Table B2: Opposite Side – DX Configuration (continued) 
Table B3: Same Side – FGB Configuration 
 
Air Temperature 25 25 25 25 35 35 35 35 40 40 40 40
Superheat 5 10 15 20 5 10 15 20 5 10 15 20
Pen 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6
Peri 333.7 326.1 316 299.1 371.1 370 362.7 345.6 403.3 388.5 363.9 359.2
Pero 318.3 312.1 303.4 287.9 345.5 347.8 342.2 322.4 368.3 354.8 335.1 331.8
Pxri 1250 1240 1225 1200 1358 1353 1338 1313 1672 1646 1595 1586
Qindoor_air 2.403 2.377 2.306 2.163 3.024 3.076 3.046 2.957 3.637 3.653 3.261 3.262
Qindoor_avg 2.378 2.348 2.28 2.143 2.989 3.025 2.999 2.907 3.507 3.233 3.193 3.206
Qindoor_chamber 2.331 2.363 2.303 2.14 2.486 2.484 2.489 2.702 3.032 2.813 2.699 2.648
Qindoor_ref 2.353 2.319 2.254 2.124 2.954 2.974 2.952 2.858 3.378 3.338 3.125 3.149
Qleak_duct 0.1426 0.1388 0.1341 0.1258 0.1815 0.1835 0.181 0.1713 0.2071 0.2051 0.1866 0.185
Tdpei 4.417 4.377 3.782 2.946 7.498 7.129 7.133 6.952 11.17 10.6 9.68 9.795
Tdpen 3.881 3.845 3.251 2.37 7.09 6.665 6.644 6.541 10.47 9.9 8.959 9.075
Teai 25.62 25.37 25.47 25.48 35.5 35.59 35.72 35.62 40.73 40.67 40.53 40.58
Teao1 18.93 19.55 20.38 21.29 27.1 27.44 28.03 29.59 30.39 31.6 32.14 32.86
Teao11 11.74 12.47 13.68 15.24 17.7 17.99 18.8 22.79 19.14 20.72 21.48 22.79
Teao12 17.75 18.89 20.06 21.38 24.91 25.87 26.95 28.57 26.9 29.01 30.75 31.8
Teao13 21.73 22.3 23.08 23.69 31.45 31.65 32.05 32.48 36.22 37.05 37.07 37.48
Teao14 24.5 24.53 24.71 24.82 34.32 34.26 34.3 34.51 39.31 39.63 39.26 39.37
Teao2 16.55 17.28 18.13 19.32 24.07 24.15 24.74 26.45 27.31 28.17 29.37 29.95
Teao21 9.104 9.344 9.522 10.7 14.31 14.07 14.13 16.87 16.14 16.71 15.53 16.94
Teao22 15.05 16.48 17.98 19.69 21.49 22.12 23.34 25.84 22.62 24.22 27.47 28.08
Teao23 17.56 18.64 20.3 22.02 26.25 26.45 27.5 28.74 31.42 32.59 35.32 35.55
Teao24 24.49 24.64 24.72 24.85 34.2 33.97 33.97 34.36 39.07 39.15 39.18 39.24
Teao3 13.11 13.01 13.58 14.39 20.23 19.83 20.09 21.44 24.61 24.46 25.42 25.58
Teao31 7.772 7.075 6.334 4.773 11.93 12.15 11.96 11.54 14.32 14.04 12.05 12.09
Teao32 9.077 8.974 9.799 11.34 14.08 14.21 14.56 16.29 15.95 16.12 17.74 17.68
Teao33 11.97 12.52 14.49 17.46 22.21 20.35 21.11 25.01 31.08 30.79 34.16 34.8
Teao34 23.63 23.47 23.72 23.98 32.7 32.61 32.73 32.9 37.08 36.88 37.74 37.75
Teao4 11.46 10.96 10.65 10.1 17.29 17.16 17.04 16.32 21.36 20.68 21.47 21.13
Teao41 7.335 6.645 5.743 4.282 11.1 11.52 11.21 9.54 14.78 14.25 11.83 11.69
Teao42 8.288 7.634 6.866 4.844 12.39 12.68 12.38 10.71 15.34 14.71 12.51 12.36
Teao43 9.405 8.936 8.852 9.195 15.66 14.94 14.87 15.01 21.03 20.5 25.7 24.76
Teao44 20.82 20.64 21.13 22.07 30.03 29.52 29.69 30.03 34.3 33.26 35.86 35.72
Teao_avg 15.01 15.2 15.69 16.27 22.17 22.15 22.47 23.45 25.92 26.23 27.1 27.38
Ten 17.14 16.98 17.31 17.86 24.55 24.49 24.74 24.88 27.85 27.69 28.98 29.03
Ten1 17.17 17 17.33 17.88 24.6 24.54 24.81 24.94 27.9 27.74 29.04 29.1
Ten2 17.11 16.97 17.3 17.85 24.5 24.43 24.68 24.83 27.79 27.63 28.91 28.95
Teri 3.388 2.758 1.834 0.2874 6.368 6.289 5.744 4.298 8.843 7.743 5.802 5.442
Teri_sat 3.647 2.989 2.102 0.568 6.706 6.616 6.038 4.643 9.151 8.044 6.131 5.759
Tero 2.216 4.328 12.38 15.55 4.414 7.602 13.92 19.48 5.839 8.018 8.704 15.82
Tero_sat 2.305 1.754 0.9677 -0.4815 4.639 4.824 4.364 2.67 6.486 5.398 3.766 3.478
Txri 37.21 36.86 36.64 36.34 38.42 38.5 38.39 37.64 45.22 44.73 43.97 43.86
UA_air 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95
We 2354 2387 2327 2163 2576 2570 2577 2793 3145 2921 2808 2778
Wei 0.005185 0.00517 0.004957 0.004671 0.00643 0.006268 0.00627 0.006192 0.008257 0.007947 0.007467 0.007526
Wen 0.005026 0.005013 0.004806 0.004512 0.006294 0.006111 0.006102 0.006059 0.007931 0.007632 0.007158 0.007215
Xoil 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015
x_in 0.2417 0.243 0.2466 0.2534 0.2324 0.2336 0.2363 0.239 0.2703 0.2731 0.2785 0.2799
Air Temperature 25 25 25 25 35 35 35 35 40 40 40 40
Superheat 5 10 15 20 5 10 15 20 5 10 15 20
AFR_scfm_e1 222.4 222.2 221.7 221.3 219.9 219.7 218.8 218.5 219 218.9 218.7 218.4
AFR_scfm_e2 222.9 222.6 222.2 221.7 220.3 220.1 219.2 218.9 219.5 219.4 219.2 218.9
AFR_scfm_indoor 445.3 444.7 443.9 443 440.2 439.8 438 437.4 438.4 438.3 437.9 437.3
DPen 686.8 686.8 686.9 686.9 682.1 681.4 677 677.1 686.8 686.8 686.8 686.8
DP (1-3) 8.189 8.497 7.696 7.504 20.24 18.75 17.79 16.62 26.1 24.77 22.29 21.29
DP (1-2) 2.713 3.059 3.894 2.944 3.664 3.693 4.064 3.466 3.869 3.233 3.821 3.198
DP (2-4) 1.884 1.912 1.852 1.872 2.399 2.335 2.41 2.303 2.436 2.356 2.294 3.673
DP (3-4) 7.294 7.028 6.189 4.998 18.24 17.06 16.2 14.44 24.05 22.54 21.79 18.38
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Table B3: Same Side – FGB Configuration (continued) 
 
Air Temperature 25 25 25 25 35 35 35 35 40 40 40 40
Superheat 5 10 15 20 5 10 15 20 5 10 15 20
DTsup_ero 1.453 9.339 15.38 19.77 0.2421 5.001 14.13 19.56 2.349 12.28 19.2 27.88
D_e1 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342
D_e2 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348
heai 37.85 38.73 38.29 39.18 52.99 53.32 55.48 54.36 62.46 61.81 60.82 60.96
hean 29.74 30.8 31.01 32.56 38.54 39.09 41.42 41.07 46.13 45.73 45.32 46.13
heri 103.6 102.8 102.1 101 109.4 108.4 107.9 106.8 121.3 119.3 117.9 116.9
hero 258.8 262.7 264.9 266.4 257.5 261.2 265.1 267.8 258.6 262.5 265.7 269.4
hxri 103.6 102.8 102.1 101 109.4 108.4 107.9 106.8 121.3 119.3 117.9 116.9
h_liq_in 66.06 64.83 61.56 58.19 65.47 64.67 63.13 60.93 63.92 62.44 60.3 57.6
h_vap_in 256.5 256 254.6 253.2 256.2 255.9 255.3 254.4 255.6 255 254.1 253
ma_dry_e1 0.1254 0.1252 0.125 0.1247 0.1237 0.1236 0.123 0.1229 0.123 0.123 0.123 0.1228
ma_dry_e2 0.1256 0.1254 0.1253 0.125 0.124 0.1238 0.1232 0.1231 0.1233 0.1233 0.1232 0.1231
Ma_indoor_dry 0.251 0.2506 0.2503 0.2497 0.2477 0.2474 0.2462 0.246 0.2463 0.2463 0.2462 0.2459
Mr 13.5 12.75 11.2 9.824 24.09 22.95 21.71 20.07 30.11 28.44 26.62 24.75
Pen 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6
Peri 421.4 408.9 377.3 346.3 415.4 407.4 392.2 371.3 399.9 385.6 365.5 341.1
Pero 413.7 400.5 370.4 339 396.1 388.7 377.7 357.1 372.5 364.1 348.1 323.1
Pxri 1182 1148 1146 1105 1434 1429 1396 1369 1840 1805 1760 1651
Qindoor_air 2.163 2.11 1.926 1.742 3.799 3.735 3.664 3.456 4.264 4.195 4.038 3.848
Qindoor_avg 2.111 2.052 1.852 1.661 3.653 3.583 3.493 3.294 4.154 4.076 3.918 3.732
Qindoor_chamber 1.454 1.457 1.452 1.445 3.017 2.986 3.471 3.326 3.661 3.695 3.437 3.224
Qindoor_ref 2.06 1.994 1.778 1.579 3.507 3.431 3.322 3.132 4.045 3.958 3.799 3.617
Qleak_duct 0.1301 0.125 0.1073 0.09025 0.2252 0.2206 0.2118 0.1977 0.2515 0.2453 0.2344 0.215
Tdpei 3.786 4.231 3.227 3.713 8.516 8.818 10.46 9.508 11.36 10.85 10.17 10.26
Tdpen 3.386 3.84 2.764 3.234 7.798 8.124 9.636 8.653 10.51 9.988 9.238 9.272
Teai 25.05 25.52 25.97 26.43 35.06 35.02 35.04 35.18 40.64 40.71 40.66 40.67
Teao1 19.04 21.4 24.22 25.49 24.21 25.4 27.37 29.81 29.84 31.24 32.98 36.25
Teao11 15.62 18.23 23.45 25.32 17.66 18.59 20.57 24.42 21.58 23.09 25.14 32.65
Teao12 19.14 21.76 24.37 25.51 23.22 24.79 27.41 30.23 29.43 31.33 33.69 36.88
Teao13 20.47 22.65 24.52 25.52 27.2 28.46 30.3 32 33.54 34.88 36.26 37.67
Teao14 20.93 22.95 24.53 25.59 28.78 29.74 31.21 32.6 34.81 35.68 36.85 37.81
Teao2 16.09 18.05 22.28 24.77 19.58 20.4 22.11 25.32 25.29 26.89 28.82 32.56
Teao21 13.94 14.56 20.24 24.23 15.58 15.6 15.77 17.97 17.74 18.38 19.16 25.14
Teao22 16.65 19.05 23.21 25.23 19.65 20.76 23.08 26.84 25.48 27.95 30.48 35.32
Teao23 16.44 18.8 22.68 24.68 20.29 21.37 24.04 27.86 28.18 30.36 32.83 35.3
Teao24 17.34 19.78 22.97 24.96 22.81 23.85 25.53 28.62 29.77 30.86 32.81 34.49
Teao3 13.23 13.31 15.85 20.08 15.1 14.94 15.02 16.06 17.78 18.15 18.64 20.83
Teao31 12.86 12.47 13.43 17.88 14.3 13.9 13.44 12.74 14.26 13.45 12.75 15.42
Teao32 13.33 13.5 16.33 20.78 15.08 14.91 15.16 16.41 18.36 19.27 19.56 22.56
Teao33 13.28 13.39 16.56 20.96 15.29 15.16 15.33 16.98 18.54 19.3 20.25 22.81
Teao34 13.45 13.88 17.08 20.69 15.74 15.78 16.14 18.12 19.95 20.57 22 22.55
Teao4 13.13 12.6 11.52 11.87 14.72 14.32 13.65 12.09 14.91 14.17 13.18 11.5
Teao41 13.02 12.43 10.86 9.867 14.51 14.09 13.33 10.97 14.67 13.53 12.43 10.71
Teao42 13.17 12.64 11.37 11.6 14.78 14.34 13.66 11.58 13.99 13.02 11.72 11.09
Teao43 13.1 12.56 11.27 11.26 14.74 14.34 13.68 12.43 15.29 14.59 13.59 11.41
Teao44 13.22 12.77 12.6 14.74 14.86 14.5 13.95 13.39 15.69 15.54 14.99 12.8
Teao_avg 15.37 16.34 18.47 20.55 18.41 18.76 19.54 20.82 21.96 22.61 23.41 25.29
Ten 17.33 17.98 19.11 20.24 21.6 21.77 22.22 23.09 25.69 25.99 26.54 27.29
Ten1 17.36 18 19.14 20.27 21.65 21.82 22.27 23.15 25.76 26.06 26.61 27.36
Ten2 17.31 17.96 19.08 20.21 21.55 21.72 22.17 23.03 25.62 25.91 26.47 27.23
Teri 10.24 9.326 7 4.586 9.78 9.21 8.145 6.647 8.526 7.488 6.007 4.151
Teri_sat 10.47 9.569 7.186 4.707 10.04 9.456 8.328 6.723 8.905 7.827 6.262 4.271
Tero 11.37 18.29 22.03 23.87 8.862 13.06 21.35 25.15 9.162 18.42 24.05 30.61
Tero_sat 9.914 8.948 6.648 4.097 8.619 8.064 7.215 5.586 6.813 6.146 4.853 2.73
Txri 36.85 36.34 35.85 35.1 40.78 40.11 39.77 39.03 48.74 47.43 46.47 45.8
UA_air 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95
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Table B3: Same Side – FGB Configuration (continued) 
Table B4: Same Side – DX Configuration 
 
Air Temperature 25 25 25 25 35 35 35 35 40 40 40 40
Superheat 5 10 15 20 5 10 15 20 5 10 15 20
We 1487 1486 1489 1481 3117 3086 3557 3409 3794 3823 3582 3353
Wei 0.004958 0.005117 0.004765 0.004933 0.006896 0.007041 0.007873 0.00738 0.008362 0.008084 0.00772 0.007768
Wen 0.004853 0.005012 0.004642 0.0048 0.00661 0.00676 0.007495 0.007009 0.007952 0.007677 0.007296 0.007313
Xoil 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015
x_in 0.1969 0.1988 0.21 0.2195 0.2302 0.2285 0.2329 0.237 0.2996 0.2955 0.2971 0.3035
Air Temperature 25 25 25 25 35 35 35 35 40 40 40 40
Superheat 5 10 15 20 5 10 15 20 5 10 15 20
AFR_scfm_e1 220.2 218.7 219.7 218.8 219.7 219.5 219.5 219.4 218.8 218.8 218.9 218.5
AFR_scfm_e2 220.7 219.1 220.2 219.2 220.1 220 219.9 219.8 219.2 219.2 219.3 219
AFR_scfm_indoor 441 437.8 439.9 438 439.8 439.4 439.4 439.2 438 438 438.2 437.5
DPen 673.5 664.5 672.4 669.7 681.9 681.4 681.3 681.5 686.8 686.8 686.8 686.8
DP (1-3) 10.85 10.02 8.737 7.618 32.74 29.58 27.81 26.1 44.08 41.54 39.97 34.12
DP (1-2) 2.382 2.164 1.913 1.811 5.728 5.328 4.966 5.006 8.044 7.705 7.41 6.998
DP (2-4) 1.966 1.91 1.779 1.62 2.26 2.384 2.168 2.237 2.69 2.662 2.719 2.65
DP (3-4) 10.25 9.582 8.402 7.399 28.85 25.71 25.18 24.16 38.23 36.01 35.64 33.61
DTsup_ero 2.919 8.035 14.38 18.65 -0.2819 4.813 11.75 16.85 3.28 10.09 14.2 19.35
D_e1 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342 0.06342
D_e2 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348 0.06348
heai 39.62 41.92 38.5 39.76 53.85 54.79 53.86 53.67 65.23 65.05 63.24 63.93
hean 31.17 33.52 30.93 32.89 39.86 41 40.11 40.25 49.31 49.27 47.53 48.7
heri 103.1 102.2 101.6 101 109.5 108.1 108.1 107.3 118.9 118.1 117.4 116.5
hero 258.9 262.1 266.1 268.2 255.8 260.4 264.8 268.7 261.3 264.6 267.6 271.7
hxri 103.1 102.2 101.6 101 109.5 108.1 108.1 107.3 118.9 118.1 117.4 116.5
h_liq_in 65.15 64.65 61.81 58.63 65.38 64.2 63.69 62.35 68.55 67.69 66.51 64.62
h_vap_in 256.1 255.9 254.7 253.4 256.2 255.7 255.5 255 257.5 257.1 256.7 255.9
ma_dry_e1 0.1241 0.1231 0.1238 0.1233 0.1235 0.1234 0.1234 0.1234 0.1228 0.1228 0.1229 0.1227
ma_dry_e2 0.1243 0.1233 0.1241 0.1235 0.1238 0.1237 0.1237 0.1237 0.123 0.1231 0.1232 0.123
Ma_indoor_dry 0.2484 0.2464 0.2479 0.2468 0.2474 0.2471 0.2471 0.247 0.2458 0.2458 0.2461 0.2457
Mr 13.37 12.63 11.1 9.771 23.57 22.22 21.36 20.11 27.92 26.92 25.77 24.42
Pen 100.6 100.7 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6 100.6
Peri 412.2 407.2 379.6 350.3 414.5 402.7 397.7 384.7 447.3 438.2 426.1 406.9
Pero 401.8 397.6 371.4 343.3 383 374.2 371.8 360.7 404.9 397.7 387.2 375.3
Pxri 1192 1195 1160 1132 1401 1397 1389 1369 1782 1764 1741 1705
Qindoor_air 2.235 2.194 1.988 1.791 3.675 3.619 3.608 3.514 4.147 4.112 4.1 3.962
Qindoor_avg 2.144 2.093 1.896 1.703 3.339 3.477 3.456 3.36 4.033 4.002 3.96 3.854
Qindoor_chamber 1.368 2.098 1.419 1.381 3.002 2.894 2.866 2.767 3.473 3.555 3.671 3.279
Qindoor_ref 2.052 1.992 1.804 1.614 3.394 3.335 3.303 3.206 3.919 3.892 3.82 3.746
Qleak_duct 0.1379 0.1288 0.1145 0.0977 0.2213 0.218 0.2151 0.2068 0.2446 0.242 0.2422 0.2303
Tdpei 5.39 7.796 4.236 4.944 9.267 9.93 9.234 9.072 13.08 13.05 11.92 12.27
Tdpen 5.079 7.213 3.805 4.541 8.622 9.362 8.574 8.376 12.41 12.4 11.35 11.54
Teai 25.31 25.03 25.29 25.87 34.99 35.07 35.05 35.05 40.78 40.65 40.59 40.76
Teao1 17.89 19.77 22.92 24.79 22.85 23.97 25.15 27.22 27.41 28.35 29.12 31.54
Teao11 20.69 21.73 23.58 24.92 30.26 30.9 30.84 31.4 36.59 36.81 37.02 37.44
Teao12 15.43 17.75 22.21 24.7 18.8 20 20.92 23.41 23.92 24.73 25.6 27.68
Teao13 17.35 19.54 22.9 24.73 20.55 21.91 23.79 26.54 24.38 25.65 26.73 30.11
Teao14 18.09 20.06 23.01 24.8 21.81 23.07 25.07 27.53 24.75 26.21 27.13 30.94
Teao2 15.66 16.77 20.41 23.72 19.35 20.12 20.77 22.36 23.68 24.09 24.35 26.4
Teao21 19 19.83 22.38 24.43 27.04 28.32 27.86 28.69 34.34 34.64 34.87 35.86
Teao22 13.79 14.98 19.49 23.86 15.89 16.21 16.89 18.39 19.58 19.85 19.97 21.54
Teao23 14.5 15.57 19.36 23.06 16.4 17.07 18.11 20.09 19.94 20.37 20.67 23.31
Teao24 15.37 16.72 20.38 23.55 18.08 18.88 20.22 22.28 20.87 21.51 21.88 24.88
Teao3 13.67 13.33 14.18 18.06 16.49 16.69 16.19 16.14 20.89 20.64 20.17 20.63
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Table B4: Same Side – DX Configuration (continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Air Temperature 25 25 25 25 35 35 35 35 40 40 40 40
Superheat 5 10 15 20 5 10 15 20 5 10 15 20
Teao31 16.52 16.46 18.21 21.27 22.75 24.02 23.02 23.45 30.35 30.57 30.45 31.87
Teao32 12.66 12.19 12.82 17.54 14.23 14.16 13.78 13.6 17.68 17.27 16.76 17.28
Teao33 12.74 12.3 12.45 16.43 14.4 14.21 13.85 13.59 17.75 17.32 16.73 16.6
Teao34 12.75 12.38 13.22 16.99 14.58 14.38 14.1 13.9 17.77 17.42 16.75 16.75
Teao4 12.6 12.13 10.95 10.53 15.02 14.48 14.19 13.57 18.93 18.34 17.83 17.08
Teao41 12.76 12.21 11.63 11.83 16.52 16.5 15.81 15.47 22.76 22.5 22.22 22.44
Teao42 12.71 12.12 10.71 9.85 14.61 14.26 13.74 13.05 17.78 16.96 16.62 15.35
Teao43 12.32 12.04 10.54 9.35 14.46 13.21 13.57 12.83 17.59 16.92 16.19 15.21
Teao44 12.6 12.15 10.94 11.09 14.49 13.94 13.64 12.93 17.59 16.98 16.29 15.33
Teao_avg 14.95 15.5 17.11 19.27 18.43 18.82 19.07 19.82 22.73 22.86 22.87 23.91
Ten 17.2 17.33 18.15 19.41 21.94 22.15 22.24 22.62 26.11 26.08 25.91 26.79
Ten1 17.25 17.35 18.16 19.43 22 22.21 22.29 22.66 26.19 26.15 25.99 26.87
Ten2 17.16 17.31 18.13 19.38 21.89 22.1 22.19 22.57 26.03 26.01 25.84 26.71
Teri 9.584 9.101 6.966 4.614 9.657 8.798 8.417 7.412 12.03 11.3 10.43 9.443
Teri_sat 9.804 9.442 7.369 5.033 9.972 9.111 8.74 7.761 12.27 11.65 10.8 9.419
Tero 11.96 16.77 21.11 23.1 7.343 11.76 18.51 22.73 12.55 18.83 22.15 26.39
Tero_sat 9.046 8.733 6.726 4.451 7.624 6.946 6.757 5.879 9.272 8.742 7.951 7.034
Txri 36.53 35.93 35.52 35.12 40.86 39.93 39.91 39.38 47.11 46.59 46.18 45.54
UA_air 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95 14.95
We 1392 2120 1442 1406 3100 2993 2961 2867 3597 3672 3772 3400
Wei 0.005553 0.006564 0.005119 0.005381 0.00726 0.007595 0.007243 0.007164 0.009383 0.009364 0.008687 0.008888
Wen 0.005469 0.006347 0.004999 0.005266 0.006994 0.007357 0.006972 0.006878 0.009035 0.009032 0.008416 0.008522
Xoil 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015
x_in 0.1988 0.1964 0.2063 0.2177 0.2312 0.2293 0.2314 0.2334 0.2662 0.266 0.2679 0.2712
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Appendix C: EES Modeling Code 
 
 
The EES code for the maldistribution model in the FGB – opposite side configuration is presented below. 
The additional quality distribution code required for the DX case is presented after that. The change in 
code for the same side configuration is also presented. The comments are enclosed in braces.  
C.1 Primary EES Code 
$Constant NC# = 34 
$Constant N_Ports# = 19 
$Constant N_E# = 25 
Procedure MainProcedure(M_R,i,P_init,A_Temp,Vo_Air:P_R,H_Ref_out,DP_Tube) 
j = 0 
k=0 
DP_Tube = 0 
DP = 0 
"initial conditions" 
T_Res = 4 
R_Qual = Lookup('RefQuality',N_E#,i)  
R_Temp = T_Sat(R134a, P = P_init) 
A_init = A_temp 
P_R = P_init 
D_head = .8*.0254 
C_p_l = CP(R134a, P=P_R, x=0) 
 
"Air-Side HT Area" 
l_t = .2750/N_E# "m" 
L_alpha = 27 
L_p = .0014 "m" 
L_pmm = L_p*1000 
H = 7.9 [mm] 
F_d = 21.3 [mm] 
T_d = 18.8 [mm] 
T_t = 1.9 [mm] 
L_l = 6.6 [mm] 
T_p = 9.8 [mm] 
delta_f = .1 [mm] 
F_p = 1.3 [mm] 
k_fin =k_('Aluminum', A_init) 
Face_total = T_P/1000*NC#*(l_t*N_E#) 
Face_actual = Face_total-(NC#*(l_t*N_E#)*T_t/1000 + 
NC#*H*delta_f/F_p*(l_t*N_E#)/1000) 
mu_air =Viscosity(Air,T=A_init) 
rho_air = Density(Air,T=A_init,P=101) 
V_Air = Vo_Air/Face_actual 
Re_Air = V_air*rho_air*L_p/mu_air 
D_h = .00077 "m" 
D_base = .001206 "m" 
M_Air =rho_air*Vo_Air/NC#/N_E# 
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j_colburn = Re_Air^(-.487)*(L_alpha/L_pmm)^(-.13)*(H/L_pmm)^(-
.29)*(F_d/L_pmm)^(-.235)*(L_l/L_pmm)^.68*(T_p/L_pmm)^(-
.279)*(delta_f/L_pmm)^(-.05) 
h_air = 
j_colburn/(Prandtl(Air,T=A_init)^(2/3)/V_Air/SpecHeat(Air,T=A_init)/Density(A
ir,T=A_init,P=101)/1000)  
eta_fin = 
tanh((H/2/1000)*sqrt((2*h_air)/(k_fin*delta_f/1000)))/((H/2/1000)*sqrt((2*h_a
ir)/(k_fin*delta_f/1000))) 
A_fin = 2*H*F_d/F_p*l_t/10^3 
A_total = A_fin + 2*l_t*T_d/10^3 
A_ratio = A_fin/A_total 
eta_o_air = 1 - (A_ratio)*(1-eta_fin) 
A_ref = (3*D_base*l_t*N_Ports#) 
Beta = A_Total/A_ref 
A_ref_surface = .5*(.001206*.001044)*N_Ports# 
H_Ref_out = Enthalpy(R134a, T = R_Temp, x = 0.01) 
Call DP_CON(M_R*N_Ports#,H_Ref_out,A_ref_surface,D_head,P_init:DP_con) 
DP_tube = DP_tube +DP_con 
P_R = P_init - DP_con  
repeat 
 k:=k+1 
 a=1 
 j = N_E# + 1 - k 
 Lookup('RefQuality',j,i)=R_Qual 
 call WallTempApprox(A_init, R_temp, T_Res: T_Wall) 
 call ConvCoeffDeter(R_Qual,R_Temp,A_init,P_R,D_h,M_R,l_t,h_air,i,j, 
T_Wall,A_Total,A_ref,C_p_l:hRef,Ph_R$,Re_Ref) 
 call UADeter(hRef, h_air, A_ref, l_t, A_total, eta_o_air: UA_evap) 
 if (Ph_R$ = 'saturated') then 
              call TempCalcSat(A_init,R_Temp,P_R,R_Qual,M_R,M_air, 
UA_evap,D_h,l_t:R_TempS, A_Temp,H_R_Out,R_Qual_OutS,P_Ref_OutS,DP) 
              P_R = P_Ref_OutS 
              R_Qual = R_Qual_OutS 
              R_Temp = R_TempS 
              DP_Tube = DP_Tube + DP 
 else 
 C_Ref = M_R*N_Ports#*SpecHeat(R134a, T = R_Temp, P = P_R) 
 C_Air = M_air*SpecHeat(Air, T = A_Temp) 
  if(C_Ref > C_Air) then 
  C_R = C_Air/C_Ref 
  C_Min = C_Air 
  call 
TempCalc(A_init,R_Temp,P_R,M_R,M_air, UA_evap,C_R,C_Min,D_h,l_t,Re_ref:R_Temp, 
A_Temp,H_R_Out, P_Ref_Out,DP) 
  P_R = P_Ref_Out 
  R_Temp = R_Temp 
  DP_Tube = DP_Tube + DP 
  else 
  C_R = C_Ref/C_Air 
  C_Min = C_Ref 
  call 
TempCalc(A_init,R_Temp,P_R,M_R,M_air, UA_evap,C_R,C_Min,D_h,l_t,Re_ref:R_Temp, 
A_Temp,H_R_Out, P_Ref_Out,DP) 
  P_R = P_Ref_Out 
  R_Temp = R_Temp 
  DP_Tube = DP_Tube + DP 
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  endif 
 endif 
 
Lookup('AirTemp',j,i)=A_Temp 
Lookup('RefTemp',j,i)=R_Temp 
Lookup('RefPressure',j,i)=P_R 
if (R_Qual = 100) then 
 R_Qual = 1 
endif 
 
Lookup('DP',j,i) = DP 
 
until (k >(N_E#-1)) 
 
 
H_Ref_Out = H_R_Out 
 
Call DP_EXP(M_R*N_Ports#,R_Qual,A_ref_surface,D_head,P_R:DP_exp) 
 
P_R = P_R - DP_exp 
 
DP_tube = DP_tube + DP_exp 
 
 
 
end 
 
Procedure WallTempApprox(T_Air, T_Ref, R: T_Wall) 
 T_Wall = (T_Air + R * T_Ref)/(R + 1) 
end 
 
 
Procedure TempCalcSat(T_Air_init, T_Ref_init, P_Ref_Init, R_Qual,M_ref, 
M_air,UA_evap,D_micro,l_t: T_Ref_out, T_Air_Out, 
H_Ref_Out,R_Qual_Out,P_Ref_Out,DP_Total) 
 H_Air_init = Enthalpy(Air,T=T_Air_init) 
 
 H_Ref_init = Enthalpy(R134a,T=T_Ref_init,x = R_Qual)  
  
 
 C_Min = M_air*SpecHeat(Air,T=T_Air_init) 
 
 NTU = UA_evap/C_Min/1000 
 eff = 1 - exp(-NTU) 
 Q_evap = eff*C_Min*(T_Air_init - T_Ref_init)*1000 
 H_Air_out = - Q_evap/1000/M_air + H_Air_init  
 H_Ref_out = H_Ref_init + Q_evap/1000/M_ref/N_Ports# 
 R_Qual_out = Quality(R134a,P =P_Ref_init, h = H_Ref_out) 
 call 
DP_Friedel(P_ref_init,T_Ref_init,M_ref,R_Qual,R_Qual_out,l_t,D_micro:Delta_P_
Friction) 
 call PressureDropTPMomentum(M_ref,R_Qual,R_Qual_out, P_ref_init, 
D_micro:Delta_P_Momentum) 
 Call PressureDropGravity(R_Qual, P_Ref_Init:Delta_P_Gravity) 
 DP_Total = Delta_P_Friction + Delta_P_Momentum + Delta_P_Gravity 
 P_Ref_Out = P_Ref_init - Delta_P_Friction - Delta_P_Momentum - 
Delta_P_Gravity 
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 if (R_Qual_out < 1) then 
 T_Ref_Out = T_Sat(R134a, P = P_Ref_Out) 
 else 
 T_Ref_Out = Temperature(R134a,P=P_Ref_out,h=H_Ref_out) 
 endif 
 T_Air_out = Temperature(Air, h = H_Air_out) 
end 
 
Procedure TempCalc(T_Air_init, T_Ref_init, P_Ref_Init, M_ref, 
M_air,UA_evap,C_R,C_Min,D_micro,l_t,Re_ref: T_Ref_out, T_Air_Out, H_Ref_Out, 
P_Ref_Out,DP) 
 nu = 
Viscosity(R134a,T=T_Ref_Init,P=P_Ref_Init)/Density(R134a,T=T_Ref_Init,P=P_Ref
_Init) 
 vol =Volume(R134a,T=T_Ref_Init,P=P_Ref_init) 
 H_Air_init = Enthalpy(Air,T=T_Air_init) 
 H_Ref_init = Enthalpy(R134a,T=T_Ref_init,P=P_Ref_init)  
 Call PressureDropSP(Re_ref, D_micro,l_t, 
P_Ref_Init,vol,M_ref:P_Ref_Out,Delta_P_Friction) 
 Call PressureDropGravity(1, P_Ref_Init:Delta_P_Gravity) 
 DP = Delta_P_Friction + Delta_P_Gravity 
 P_Ref_Out = P_Ref_Out - Delta_P_Gravity 
 NTU = UA_evap/C_Min/1000 
 eff = 1 - exp((1/C_R)*(NTU^.22)*(exp(-C_R*NTU^.78)-1)) 
 Q_evap = eff*C_Min*(T_Air_init - T_Ref_init)*1000 
 H_Air_out = - Q_evap/M_air/1000 + H_Air_init  
 H_Ref_out = Q_evap/1000/M_ref/N_Ports# + H_Ref_init   
 T_Ref_Out = Temperature(R134a,P=P_Ref_out,h=H_Ref_out) 
 T_Air_Out = Temperature(Air, h = H_Air_out) 
end 
 
PROCEDURE DP_FRIEDEL(P_ref,T_ref,m,x_in,x_out,L_m,D_h:DP) 
G = 4*m/pi/D_h^2 
rho_v = Density(R134a,P=P_ref,x=1) 
rho_l = Density(R134a,P=P_ref,x=0) 
mu_v = Viscosity(R134a,P=P_ref,x=1) 
mu_l = Viscosity(R134a,P=P_ref,x=0) 
sigma = SurfaceTension(R134a,T=T_Ref) 
gra=9.8 
"friction loss pressure drop" 
x = x_in 
rho_tp=1/(x/rho_v+(1-x)/rho_l) 
Re_lo=G*D_h/mu_l;Re_vo=G*D_h/mu_v 
f_lo=IF(Re_lo,2000,16/Re_lo,0.079/Re_lo^0.25,0.079/Re_lo^0.25)  
f_vo=IF(Re_vo,2000,16/Re_vo,0.079/Re_vo^0.25,0.079/Re_vo^0.25)  
DELTAP_lo=2*f_lo*G^2*L_m/(rho_l*D_h)/1000              "Pa->kPa" 
C_F1=(1-x)^2+x^2*(rho_l/rho_v)*(f_vo/f_lo); C_F2=x^0.78*(1-
x)^0.24*(rho_l/rho_v)^0.91*(mu_v/mu_l)^0.19*(1-mu_v/mu_l)^0.7 
Fr=G^2/(gra*D_h*rho_tp^2) 
We=G^2*D_h/(rho_tp*sigma) 
phi_lo2=C_F1+3.24*C_F2/(Fr^0.045*We^0.035) 
DP=DELTAP_lo*phi_lo2 
END 
 
Procedure PressureDropTPMomentum(M_ref,Qual_in,Qual_out, P_ref, 
D_micro:Delta_P_Momentum) 
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 {Development of a microchannel evaporator model for a CO2 air-conditioning 
system by Man-hoe Kim and Clark Bullard} 
 rho_l = Density(R134a,P=P_ref,x=0) 
 rho_v = Density(R134a,P=P_ref,x=1) 
 mu_l = Viscosity(R134a, P=P_Ref, x=0) 
 mu_v = Viscosity(R134a, P=P_Ref, x=1) 
 G = 4*M_ref/(pi*D_micro^2) 
 if (Qual_out > .99) then 
  if (Qual_in > .99) then 
  Delta_P_momentum = 0 
  else 
  Qual_out = .995 
  X_tti = ((1-
Qual_in)/Qual_in)^.875*(rho_v/rho_l)^.5*(mu_l/mu_v)^.125 
  X_tto = ((1-
Qual_out)/Qual_out)^.875*(rho_v/rho_l)^.5*(mu_l/mu_v)^.125 
  
  F_ti = (G^2*Qual_in^3/(1-
Qual_in)/(rho_v^2)/9.8/D_micro)^.5 
  F_te = (G^2*Qual_out^3/(1-
Qual_out)/(rho_v^2)/9.8/D_micro)^.5 
  alpha_i = (1 + 1/F_ti + X_tti)^(-
.321) 
  alpha_e = (1 + 1/F_te + X_tto)^(-
.321) 
  Delta_P_Momentum 
= .001*G^2*((Qual_out^2/(rho_v*alpha_e) +(1-Qual_out)^2/rho_l/(1-alpha_e)) - 
(Qual_in^2/(rho_v*alpha_i) +(1-Qual_in)^2/rho_l/(1-alpha_i)))   
  endif 
 else 
 if (Qual_out < 0) then 
 Delta_P_momentum = 0 
 else 
 X_tti = ((1-Qual_in)/Qual_in)^.875*(rho_v/rho_l)^.5*(mu_l/mu_v)^.125 
 X_tto = ((1-Qual_out)/Qual_out)^.875*(rho_v/rho_l)^.5*(mu_l/mu_v)^.125 
 F_ti = (G^2*Qual_in^3/(1-Qual_in)/(rho_v^2)/9.8/D_micro)^.5 
 F_te = (G^2*Qual_out^3/(1-Qual_out)/(rho_v^2)/9.8/D_micro)^.5 
 alpha_i = (1 + 1/F_ti + X_tti)^(-.321) 
 alpha_e = (1 + 1/F_te + X_tto)^(-.321) 
 Delta_P_Momentum = .001*G^2*((Qual_out^2/(rho_v*alpha_e) +(1-
Qual_out)^2/rho_l/(1-alpha_e)) - (Qual_in^2/(rho_v*alpha_i) +(1-
Qual_in)^2/rho_l/(1-alpha_i))) 
 endif 
 endif 
end 
 
Procedure PressureDropSP(Re_ref, D,l_t, P_in,vol,M_ref:P_out,DP_Return) 
      {Churchill 1977 Friction Factor from A.D. Litch Contract Report} 
 eps = 0.000002 
 G = 4*M_ref/(pi*D^2) 
 A = (2.457*ln(1/((7/Re_ref)^.9 + .27*eps/D)))^16 
 B = (37530/Re_ref)^16 
 F_F = 2*((8/Re_ref)^12 + (1/(A+B)^(3/2)))^(1/12) 
 Delta_P = -l_t*F_F*2*G^2*vol/D 
 P_out = P_in + Delta_P/1000 
 DP_Return = -1*Delta_P/1000 
end 
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Procedure PressureDropGravity(x, P_init:DP_Gravity) 
 rho_v = Density(R134a, P = P_init, x = 1) 
 rho_l = Density(R134a, P = P_init, x = 0) 
 alpha = 1/(1+ (1 - x)/x*(rho_v/rho_l)^(2/3)) 
 DP_Gravity = .011*9.8*(alpha*rho_v + (1 - alpha)*rho_l)/1000 
end 
 
Procedure 
ConvCoeffDeter(Ph,R_Temp,A_Temp,P_R,D_micro,M_ref_chan,l_t,h_air,i,j, 
T_Wall,A_Total, A_Ref,C_p_l:h_ref,Phase_Ref$,Re_ref) 
 {Zhang, Hibiki and Mishima "Correlation for flow boiling heat transfer in 
mini-channels"} 
 if ((Ph) < 1) then  
  if ((Ph) < .7) then  
  G = 4*M_ref_chan/(pi*D_micro^2) 
  rho_l = Density(R134a, P=P_R, x=0) 
  rho_v = Density(R134a, P=P_R, x=1) 
  mu_l = Viscosity(R134a, P=P_R, x=0) 
  mu_v = Viscosity(R134a, P=P_R, x=1) 
  k_l = Conductivity(R134a, P=P_R, x=0) 
  X_tt = ((1-
Ph)/Ph)^.875*(rho_v/rho_l)^.5*(mu_l/mu_v)^.125 
  Re_l = G*D_micro*(1-Ph)/mu_l 
  ab = (2.53/10^6)*Re_l^1.17 
  S = 1/(1+ab) 
  Pr_l = mu_l*C_p_l/k_l*1000 
  h_fg = abs(Enthalpy(R134a, P = P_R, 
x=1) - Enthalpy(R134a, P = P_R, x=0)) 
  Sigma = 
SurfaceTension(R134a,T=R_Temp) 
  h_sp 
= .023*Re_l^.8*Pr_l^.4*k_l/D_micro 
  k_lp = k_l/1000 
  P_Rp = P_R*1000 
  Call 
NucleateBoil(R_Temp,A_Temp,h_air, k_lp,C_p_l,rho_l,Sigma,mu_l,h_fg,rho_v, 
P_Rp,T_Wall: h_nb) 
  abc = 1/X_tt 
  if (abc > .1) then 
  F = 2.35*(1/X_tt + .213)^.736 
  else 
  F = 1 
  endif 
  h_tp = S*h_nb + F*h_sp 
  
  Re_Ref = Re_l 
  h_ref =h_tp 
  Phase_Ref$ ='saturated' 
  call WallTempCalc(h_tp, 
h_air,R_Temp,A_Temp,A_Total,A_Ref:W_Temp) 
  Lookup('WallTemp',j,i)=W_Temp 
   
  else 
  "Taking into account Dryout" 
  ph_interpolate = Ph 
  Ph = .7 
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  rho_ref = Density(R134a,P=P_R,x=1) 
  mu_ref = Viscosity(R134a,P=P_R,x=1) 
  u = 
M_ref_chan/rho_ref/pi/D_micro^2*4 
  Re_ref = rho_ref*u*D_micro/mu_ref 
  Pr_ref = Prandtl(R134a,P=P_R,x=1) 
  f_F = .0791*Re_ref^(-.25) 
  Nu_ref = f_F/2*(Re_ref - 
1000)*Pr_ref/(1 + 12.7*sqrt(f_F/2)*(Pr_ref^(2/3)-1))*(1+(D_micro/l_t)^2/3) 
  k_ref = Conductivity(R134a,P=P_R,x = 
1) 
  h_ref_low = k_ref*Nu_ref/D_micro 
 
  G = 4*M_ref_chan/(pi*D_micro^2) 
  rho_l = Density(R134a, P=P_R, x=0) 
  rho_v = Density(R134a, P=P_R, x=1) 
  mu_l = Viscosity(R134a, P=P_R, x=0) 
  mu_v = Viscosity(R134a, P=P_R, x=1) 
   
  k_l = Conductivity(R134a, P=P_R, x=0) 
  X_tt = ((1-
Ph)/Ph)^.875*(rho_v/rho_l)^.5*(mu_l/mu_v)^.125 
  Re_l = G*D_micro*(1-Ph)/mu_l 
  ab = (2.53/10^6)*Re_l^1.17 
  S = 1/(1+ab) 
  Pr_l = mu_l*C_p_l/k_l*1000 
  h_fg = abs(Enthalpy(R134a, P = P_R, 
x=1) - Enthalpy(R134a, P = P_R, x=0)) 
  Sigma = 
SurfaceTension(R134a,T=R_Temp) 
  h_sp 
= .023*Re_l^.8*Pr_l^.4*k_l/D_micro 
  k_lp = k_l/1000 
  P_Rp = P_R*1000 
  Call 
NucleateBoil(R_Temp,A_Temp,h_air, k_lp,C_p_l,rho_l,Sigma,mu_l,h_fg,rho_v, 
P_Rp,T_Wall: h_nb) 
  abc = 1/X_tt 
  if (abc > .1) then 
  F = 2.35*(1/X_tt + .213)^.736 
  else 
  F = 1 
  endif 
  h_tp = S*h_nb + F*h_sp 
  Re_Ref = Re_l 
  h_ref_high =h_tp 
  Phase_Ref$ ='saturated' 
  slope = (h_ref_low - h_ref_high)/.3 
  h_ref = slope*(ph_interpolate - 1) + 
h_ref_low 
  Call WallTempCalc(h_ref, 
h_air,R_Temp,A_Temp,A_Total,A_Ref:W_Temp) 
  Lookup('WallTemp',j,i)=W_Temp 
  endif 
 else 
  rho_ref = 
Density(R134a,T=R_Temp,P=P_R) 
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  mu_ref = 
Viscosity(R134a,T=R_Temp,P=P_R) 
  u = 
M_ref_chan/rho_ref/pi/D_micro^2*4 
  Re_ref = rho_ref*u*D_micro/mu_ref 
  Pr_ref = 
Prandtl(R134a,T=R_Temp,P=P_R) 
  f_F = .0791*Re_ref^(-.25) 
  Nu_ref = f_F/2*(Re_ref - 
1000)*Pr_ref/(1 + 12.7*sqrt(f_F/2)*(Pr_ref^(2/3)-1))*(1+(D_micro/l_t)^2/3) 
  k_ref = 
Conductivity(R134a,T=R_Temp,P=P_R) 
  h_ref = k_ref*Nu_ref/D_micro  
  Phase_Ref$ = 'superheated' 
  Call WallTempCalc(h_ref, 
h_air,R_Temp,A_Temp,A_Total,A_Ref:W_Temp) 
  Lookup('WallTemp',j,i)=W_Temp 
  Lookup('Heat Transfer 
Correlation',j,i) = h_ref   
 endif  
end 
 
Procedure UADeter(h_r, h_air, A_ref, l_t, A_total, eta_o_air: UA_evap) 
 UA_evap = 1/((1/(h_r*A_ref))+(1/(h_air*A_total*eta_o_air))) 
end 
 
Procedure WallTempCalc(h_ref, h_air,R_Temp,A_Temp,A_Total,A_Ref:W_Temp) 
 W_temp = (h_air*A_Total*A_Temp + h_ref*A_ref*R_Temp)/(h_ref*A_ref + 
h_air*A_Total) 
end 
 
Procedure NucleateBoil(R_Temp,A_Temp,h_air, 
k_l,C_p_l,rho_l,Sigma,mu_l,h_fg,rho_v, P_R,T_Wall: h_nb) 
 {Zhang, Hibiki, and Mishima "Correlation for flow boiling heat transfer in 
mini-channels"} 
 P_Sat_W = P_sat(R134a,T=T_Wall)*1000  
 h_nb = 
1000*.00122*(k_l^.79*C_p_l^.45*rho_l^.49)/(Sigma^.5*mu_l^.29*h_fg^.24*rho_v^.
24)*(abs(T_Wall - R_Temp))^.24*(abs(P_Sat_W-P_R))^.75 
end 
 
Procedure DP_EXP(m,x_in,A_ref,Dhd,P_in:DP) 
DP = 0 
rho_v = Density(R134a,P=P_in, x = 1) 
rho_l = Density(R134a,P=P_in, x = 0) 
G=m/A_ref 
ra=A_ref/(PI/4*Dhd^2) 
xi=(1-ra)^2 
rho_tp=(x_in/rho_v+(1-x_in)/rho_l)^(-1)  
DP=(xi+ra^2-1)*G^2/(2*rho_tp)/1000 
END 
 
Procedure DP_CON(m,H_in,A_ref,Dhd,P_in:DP) 
Ph$ = phase$(R134a, P = P_in, h = H_in) 
if (Ph$ = "saturated") then 
 x_in = Quality(R134a, P=P_in, h = H_in)  
else 
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 x_in =1 
endif 
rho_v = Density(R134a,P=P_in, x = 1) 
rho_l = Density(R134a,P=P_in, x = 0) 
G=m/A_ref 
ra=A_ref/(PI/4*Dhd^2) 
xi=0.5*(1-ra)^0.75 
rho_tp=(x_in/rho_v+(1-x_in)/rho_l)^(-1) 
DP=(xi+1-ra^2)*G^2/(2*rho_tp)/1000 
END 
 
Procedure ExitHeaderPressureDrop(m_total, 
M_R[1..NC#],P_R[1..NC#]:Delta_P[1..NC#]) 
 T_P = 9.8 
 i=0 
 k = 1 
 OutHeaderMF[1] = M_R[1]*N_Ports# 
 repeat 
 k:=k+1 
 OutHeaderMF[k] = OutHeaderMF[k-1] + M_R[k]*N_Ports# 
 until (k > (NC# - 1)) 
 repeat 
 i:=i+1 
 R_Qual = Lookup('RefQuality',1,i) 
 Delta_P[i] =  (.01*T_P/1000/(.4*.0254) 
+ .7)*(OutHeaderMF[i]/pi/(.4*.0254)^2*4)^2/(2*Density(R134a,P = P_R[i], x 
=1))/1000 
 until (i>(NC#-1)) 
 Delta_P[NC#] = 0 
end 
 
Procedure 
InletHeaderPressureDrop(m_total,P_init,M_R[1..NC#],x_in:Delta_P[1..NC#],P_in[
1..NC#]) 
 T_P = 9.8 
 D_h = .4*.0254 
 P_in[1] = P_init 
 m = m_total 
 i=0 
 j=1 
 ne = N_E# 
 k = 1 
 InHeaderMF[1] = m_total*N_ports# 
 repeat 
 k:=k+1 
 InHeaderMF[k] = InHeaderMF[k-1] - M_R[k-1]*N_Ports# 
 until (k > (NC# - 1))   
 repeat 
 i:=i+1 
 Lookup('RefQuality',ne,i) =.001 
 until (i > (NC# - 1))  
 i = 1 
 Delta_P[1] = 0 
 repeat 
 i:=i+1 
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 Delta_P[i] = (.01*T_P/1000/(.4*.0254) 
+ .7)*(InHeaderMF[i]/pi/(.4*.0254)^2*4)^2/(2*Density(R134a,P = P_in[i-1], x 
= .01))/1000 
 P_in[i] = P_in[i-1] - Delta_P[i] 
 until (i>(NC#-1))  
end 
 
Header_D = .8*.0254 “Geometrically measured header diameter of the evaporator” 
Inlet_D = .006819 
Q_init = 0 
Vo_Air = V_Air_in*(.3048^3)/60 [m^3/s] 
Call DP_EXP(M_total*N_ports#,Q_init,PI*Inlet_D^2,Header_D,P_init:DP_inlet) 
 
P_in_header = P_init - DP_inlet 
P_init = P_Sat(R134a, T=T_init) 
Init_H = Enthalpy(R134a, P = P_init, x = Q_init) 
 
M_total = M_Total_Input/1000*(1 - Quality_Input)/N_Ports# 
M_total = Sum(M_R[i],i=1,NC#) 
 
duplicate i = 1,NC# 
 M_Header[i] = Sum(M_R[k],k=i,NC#)*N_Ports# 
end 
 
{The following code is the convergence criterion. When the variable “loop” is 
the same for all 34 cases, the criterion is satisfied} 
duplicate i = 1,NC# 
 Call 
MainProcedure(M_R[i],i,P_in[i],A_Temp,Vo_Air:P_R[i],H_Ref[i],DP_Tube[i]) 
 loop = Sum(Delta_P_Head_in[k],k=1,i) + DP_Tube[i] + 
Sum(Delta_P_Head_out[k],k=i,NC#) 
end 
 
duplicate i = 1,NC# 
 Tube[i] = i 
end 
 
Call ExitHeaderPressureDrop(M_total, 
M_R[1..NC#],P_R[1..NC#]:Delta_P_Head_Out[1..NC#]) 
Call 
InletHeaderPressureDrop(M_total,P_in_header,M_R[1..NC#],Q_init:Delta_P_Head_i
n[1..NC#],P_in[1..NC#]) 
 
Final_H = SUM(M_R[i]*H_Ref[i],i=1,NC#)/M_Total 
Evap_OutTemp = Temperature(R134a, P = P_R[NC#],H = Final_H) 
Evap_OutSatTemp = T_Sat(R134a, P = P_R[NC#]) 
DT_Sup = Evap_OutTemp - Evap_OutSatTemp 
 
Call 
DP_Con(M_total*N_Ports#,Final_H,PI*Inlet_D^2/4,Header_D,P_R[NC#]:DP_outlet) 
OutletPressure = P_R[NC#] - DP_outlet 
Overall_DP = P_init - OutletPressure 
DP_12 = DP_Inlet + DP_Tube[1] 
DP_24 = DP_Tube[1] - SUM(Delta_P_Head_in[i],i=1,NC#) 
DP_34 = DP_Tube[NC#] +DP_outlet  
DP_13a = DP_Tube[NC#] + SUM(Delta_P_Head_in[i],i=1,NC#) 
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Outlet_DTSup =  Temperature(R134a, P = OutletPressure,H = Final_H) - 
T_Sat(R134a, P = OutletPressure)  
Q_Cooling  = M_Total*(Final_H - Init_H)*N_Ports# 
{The values of V_air_in, T_init, M_Total_Input, Quality_Input, and A_Temp are 
to be provided by the user from experimental data. For simplicity of 
processing multiple cases, these values were input into a parametric table, 
and the table was solved by EES. } 
C.2 EES Code for the DX case 
The following is the code for opposite side – dx configuration. The primary difference is the 
addition of the subprogram XdistCalc, which calculates the quality at the inlet of the microchannel tube 
base on the mass flow rate array that the main program provides. In order to avoid confusion, the 
function InletHeaderPressureDrop is also presented with the different changes. 
SubProgram 
XdistCalc(InHeaderMF[1..NC#],M_R[1..NC#],x_in:QualityDist[1..NC#],x[1..NC#]) 
 duplicate i = 1,NC#-25 
 x[i] = .7 
 end 
 duplicate i = NC#-24,NC# 
 x[i] = m 
 end 
 QualityDist[NC#] = x[NC#] 
 QualityDist[1] = x_in 
 duplicate i = 2,NC# 
 InHeaderMF[i]*QualityDist[i] = InHeaderMF[i-1]*QualityDist[i-1] - M_R[i-
1]*x[i-1]*N_Ports# 
 end 
end 
Procedure 
InletHeaderPressureDrop(m_total,P_init,M_R[1..NC#],x_in:Delta_P[1..NC#],P_in[
1..NC#]) 
 T_P = 10.16 
 D_h = .4*.0254 
 P_in[1] = P_init 
 m = m_total 
 i=0 
 j=1 
 ne = N_E# 
 k = 1 
 InHeaderMF[1] = m_total*N_ports# 
 repeat 
 k:=k+1 
 InHeaderMF[k] = InHeaderMF[k-1] - M_R[k-1]*N_Ports# 
 until (k > (NC# - 1))   
 Call XdistCalc(InHeaderMF[1..NC#],M_R[1..NC#],x_in: 
QualityDist[1..NC#],x[1..NC#]) 
 i = 0 
 repeat 
 i:=i+1 
 Lookup('RefQuality',ne,i) =x[i] 
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 until (i > (NC# - 1))  
 i = 1 
 k = NC#  
 Delta_P[1] = 0 
 rho_l = 1200 
 rho_v = 20 
repeat 
 i:=i+1 
 m_dot = InHeaderMF[i]/PI/D_h^2*4 
 Re_l = m_dot*D_h/Viscosity(R134a,P=P_in[i-1],x=0)*(1-QualityDist[i]) 
 Re_v = m_dot*D_h/Viscosity(R134a,P=P_in[i-1],x=1)*QualityDist[i] 
 if (Re_l > 2000) Then 
  if (Re_v > 2000) then 
  C = 20 
  B_l = .079 
  n_l = .25 
  B_v = .079 
  n_v = .25 
  else 
  C = 10 
  B_l = .079 
  n_l = .25 
  B_v = 16 
  n_v = 1 
  endif 
 else 
  if (Re_v > 2000) then 
  C = 12 
  B_l = 16 
  n_l = 1 
  B_v = .079 
  n_v = .25 
  else 
  C = 5 
  B_l = 16 
  n_l = 1 
  B_v = 16 
  n_v = 1 
  endif 
 endif 
 f_l = B_l *Re_l^(-n_l) 
 f_v = B_v *Re_v^(-n_v) 
 DP_l = 2*f_l*m_dot^2*(1-QualityDist[i])^2/rho_l/D_h 
 DP_v = 2*f_l*m_dot^2*(QualityDist[i])^2/rho_v/D_h 
 X = (DP_l/DP_v)^.5 
 phi_l = (1 + (C/X)+(1/X^2))^.5 
 Delta_P[i] = Phi_l^2*DP_l/1000*.01016 
+ .7*(InHeaderMF[i]/pi/(.4*.0254)^2*4)^2/(2*Density(R134a,P = P_in[i-1], x = 
QualityDist[i]))/1000  
 P_in[i] = P_in[i-1] - Delta_P[i] 
 until (i>(NC#-1))  
end 
C.3 EES Code for the Same side case 
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The following is the code required to obtain results for the evaporator in the same side configuration.  
{The following code is the convergence criterion. When the variable “loop” is 
the same for all 34 cases, the criterion is satisfied} 
duplicate i = 1,NC# 
 Call 
MainProcedure(M_R[i],i,P_in[i],A_Temp,Vo_Air:P_R[i],H_Ref[i],DP_Tube[i]) 
 loop = Sum(Delta_P_Head_in[k],k=1,i) + DP_Tube[i] + 
Sum(Delta_P_Head_out[k],k=1,i) 
end 
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Appendix D: Infrared Image MATLAB Processing Code 
 
The following is the MATLAB code used to process the infrared image data taken from the experimental 
results, as well as the predicted wall temperatures from the EES model. The file “IRData.xls” contained 
the various pixel values for every case processed. 
T=xlsread('IRData.xls', 'A', 'B2:AI26'); 
[row,col]=size(T); 
X=linspace(0,.275,row); 
Y=linspace(1,34,col); 
[x,y]=meshgrid(Y,X);  
[~,h]=Contourf(x,y,T,20); 
set(h,'EdgeColor','none'); 
caxis([0 30]); 
set(gca,'XTick',[]); 
cb=colorbar; 
set(get(cb,'ylabel'),'String', 'Temperature ({\circ}C)', 'Rotation', 
90,'VerticalAlignment', 'Top','FontSize',14); 
ylabel('Location (m)','FontSize', 14); 
set(gca,'FontSize',14) 
saveas(gcf,'Model','jpg'); 
  
T=xlsread('IRData.xls', 'Image Data', 'D20:IG310')'; 
[row,col]=size(T); 
X=linspace(0,.275,row); 
Y=linspace(1,34,col); 
[x,y]=meshgrid(Y,X);  
[~,h]=Contourf(x,y,T,20); 
set(h,'EdgeColor','none'); 
caxis([0 30]); 
set(gca,'XTick',[]); 
cb=colorbar; 
set(get(cb,'ylabel'),'String', 'Temperature ({\circ}C)', 'Rotation', 
90,'VerticalAlignment', 'Top','FontSize',14); 
ylabel('Location (m)','FontSize', 14); 
set(gca,'FontSize',14) 
saveas(gcf,'Evaporator','jpg'); 
 
 
